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Metal-organic frameworks (MOFs) are a kind of newly emerging materials formed by 
bridging the metal ions with organic linkers to form the three-dimensional crystalline 
structures. MOFs and MOFs-related materials have been investigated extensively 
during the past two decades, including the development of numerous varieties of 
MOFs structures, their unique properties, as well as the extensive applications. By 
reducing the size of MOFs into nanoscale, new interesting structures and properties 
therefore could be obtained. In the thesis, we are focusing on the synthesis of unique 
MOFs nano- or microstructures as well as their incorporation with other functional 
materials, such as metal nanoparticles, mesoporous silica, and biopolymers, by 
investigating their formation mechanism, their functional properties and exploring the 
related applications. 
The whole thesis can be divided into seven chapters. Starting from the Introduction 
and Literature Review, the four following chapters are focusing on four MOFs-based 
hybrid structures, followed by the final chapter about the conclusion and 
recommendations. Firstly, a general approach has been developed to integrate ultra-
fine noble metals (i.e., Au and Ag at particle sizes of 2‒3 nm or 1‒2 nm, respectively) 
onto designated exterior and/or interior crystal planes of ZIF-8 nanocrystals, through 
the well-defined coordinative interaction between the capping surfactants of metal 
nanoparticles and unsaturated surface Zn2+ ions of ZIF-8. The incorporated metal 
nanoparticles are single-layered with a uniform distribution on the desired crystal 
planes of ZIF-8 (e.g., either the {110} or {100} facets). Such surface loaded metal 
nanoparticles can be actually transformed into a bulk phase when additional 
deposition of ZIF-8 is made. By sequentially alternating allocation of metal 
nanoparticles and epitaxial growth of ZIF-8 matrix, we have also prepared a series of 
ZIF-8@Au hybrid nanocomposites with more complex structural and compositional 
combinations. The catalytic application of the obtained hybrid structures were 
examined on the reduction of 4-nitrophenol with relative good performance. 
Secondly, in order to improve the mechanical stability of the soft MOFs nanocrystals, 
we developed a general method to prepare the armored MOFs core‒shell structures 
with an enforcing layer outside. The microporous MOFs nanocrsytals in a wide range 
can be coated with the mesoporous silica as an enforcing phase. The mesoporous 
silica layer has a larger pore size than MOFs, therefore chemical reactants or 
adsorbates can easily penetrate through this shell and reach the core MOFs without 





microscopy (AFM) nanoindentation technique, we show that significant enhancement 
in mechanical properties can be indeed achieved with this "armoring approach".  The 
mesoporous silica armored MOFs can be further functionalized with additional 
material phases. Excellent accessibility of ionic or molecular species travelling into or 
out of the MOF phase has been demonstrated with the reduction reaction of 4-
nitrophenol by NaBH4 in solution. 
Thirdly, water/oil interface was adopted as the template for the self-assembly, 
oriented attachment and crystal growth to occur, and finally ZIF-8@Au hybrid thin 
films could be obtained at the interface. Monolayer Au nanoparticles film at the 
water/oil interface can be first prepared by transferring the pre-synthesized Au 
nanoparticles from the organic phase to the water/oil interface, through the surfactant 
exchange on the surface of Au nanoparticles; and the monolayer 2-D Au nanowires 
thin film can be further obtained through the oriented attachment among the Au 
nanoparticles at the interface. The hydrophilic surfactants on the surface of Au 
nanostructures that are floating at the interface can bond with Zn2+ ions in the 
aqueous phase, therefore the as-obtained Au thin films can act as the template for the 
further synthesis of ZIF-8 thin films at the interface, which can be achieved through 
the two-phase injection of individual ZIF-8 precursors separately. Finally, the 
anisotropic distribution of Au nanostructures on the top surface of ZIF-8 thin films 
can be obtained.  
Finally, we have reported an unusual synthetic protocol for the preparation of 
ZIF-8 microplates through the precursor-induced transition pathway. Two-
dimensional microplates composed of Zn2+ ions and 2-methylimidazole 
molecules can be used as the precursors to prepare ZIF-8 frame-like 
microplate structures, through the dissolution and recrystallization process. 
The following regrowth process can generate the flat ZIF-8 microplates, which 
showed the elongated rhombic dodecahedron morphology, composed of 
twelve (110) facets. The application of the obtained ZIF-8 microplates can be 
achieved through the incorporation of ultra-fine Au or Cu nanoparticles or the 
mesoporous silica on the exterior surface. Moreover, the as-obtained ZIF-8 
microplates or the microplates surrounded by mesoporous silica can also be 
used as the building blocks and bridged by biopolymers gelatin to prepare the 
artificial nacreous films, with the well-ordered layer-by-layer organization in 
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It is always quite essential and necessary to conduct the materials research, both in 
the advanced science and technology, and they can greatly promote the economic 
prosperity and the quality of human’s life. Advanced materials exhibiting excellent 
mechanical, electrical, optical, thermal, and chemical properties, etc., have been 
developed and widely utilized in a wide range.1-3 Concerning some most apparent 
problems that humans are facing now, including the energy, biological and 
environmental issues, materials research has greatly contributed to change the world. 
As a typical example, silicon-based solar cells have been greatly commercialized in 
the world, which can generate clean electricity from natural sunlight with a relative 
high efficiency.4 Catalysts, which can significantly improve the chemical reaction 
efficiency and adjust the chemical reaction barrier, have become one of the dominant 
factors in the petrochemical and pharmaceutical industries.5 At the same time, 
biomedical materials, such as artificial heart valves and dialysis membranes, have 
saved thousands of life.6,7 Furthermore, the degradable and recyclable materials have 
been widely used to reduce the environmental pollution significantly;8 and the self-
cleaning surface arisen from designed materials compositions and surface structures 
can effectively generate the environmental-friendly products.9 With the continuous 
research towards new advanced materials, humans are enjoying an improving quality 
of life all the time. 
During the past decades, enormous research interest has been devoted to the research 
about nanomaterials and nanotechnology.10-12 By downsizing bulk materials into 
nanoscale, some unique and advanced properties could be obtained, such as quantum 
size effects, high surface areas with more active sites, and enhanced surface plasmon 
resonance, etc. The size, morphology, detailed surface structures, and different 
assembling architectures, etc., can greatly affect the properties and performance of 
nanomaterials. For example, quantum dots with certain diameters can adsorb and emit 
light with certain wavelength;13 the noble metal nanoparticles showing high-index 




exterior crystal facets exhibit the significant priority during the catalytic 
applications;14 meanwhile, hybrid materials composed of different nanomaterials or 
the superstructures formed through the self-assembly of nanoparticles have provided 
many opportunities like nanoreactors for certain chemical reactions or sensors.12 
Therefore, the synthetic architectures of nano- or micromaterials with different 
dimensions, including one-, two-, or three-dimensional structures, as well as the 
integration of nanocrystals, have become one of the dominant research focuses in the 
field of chemistry and materials research over the past decades. For example, many 
kinds of nanostructures including nanospheres, nanopolyhedrons, nanorods, 
nanowires, and nanoplates have been synthesized;15 superstructures prepared through 
the self-assembly of nanoscale building blocks have been reported;16 complicated 
structures like hollow spheres containing several components can be obtained.12 At 
the same time, many attractive applications have been developed towards the energy 
conversion, drug delivery, heterogeneous catalysts and chemical sensing, etc.13,17-20 
As a typical example, ZnO nanowires that are well-ordered aligned on the substrate 
can generate electricity under the mechanical deformation or thermal fluctuation, and 
the generated-electricity can be exported; therefore the ZnO-based device can be 
named as the “nanogenerator”.20 As a result, self-powered nano/micro devices can be 
developed based on these “nanogenerator”.21 Another example is the gold 
nanoparticles, which can be synthesized into various morphology and size, like 
nanoparticles with size below 2 nm, nanopolyhedrons, nanorods, nanoplates, and 
flexible nanowires, etc., and they can be used in a wide range, like catalysis, tumour 
detection and drug deliveries, etc.15,22  
Therefore, to summarize, the extensive research towards the basic science about the 
synthetic mechanism of nanomaterials, the engineering about the fabrication of 
nanodevices, as well as the derived applications etc., have composed the big family 
towards the research on nanomaterials. 
1.2 Objective and Scope 
The design on the structures and compositions of nanomaterials has opened up new 
avenues to acquire unique properties and to satisfy specific applications. Even with 
many nanostructures reported as mentioned above, there is still more than enough 
space to tailor or assemble the materials in nanoscale, especially for some new 
emerging materials. During the past two decades, metal-organic frameworks (MOFs) 
have become one of the hottest research focuses, because of their unique properties 
such as high surface area and porosity.23, 24 MOFs are formed by bridging metal ions 
and organic linkers through metal-ligand bonds with great uniformity over three 




dimensions; therefore by changing the metal ions and organic linkers, thousands of 
MOFs structures have been developed with tailorable varieties on the compositions, 
structures, as well as related properties. MOFs have been examined to show priority 
on some applications towards the gas sorption, gas separation, molecular sieving, 
catalysis, etc.25  
Inspired by the development of nanotechnology, nanoscaled MOFs can also show 
some properties that are distinguished from these of bulk counterparts, and 
nanoscaled MOFs with desired size and morphology have be obtained for specific 
applications.26,27 In order to further extend the structural complexity together with the 
properties and application of MOFs, more work can be done to synthesize new MOFs 
nanostructures or MOFs-based hybrid nano- or mcirocomposites. For example, 
limited control has been reported on the incorporation of functional metal 
nanoparticles with MOFs nanocrystals,28,29 and the stability is always the drawback 
for the application of MOFs nanocrystals.24 In this thesis, we are aiming to develop 
some general approaches to get the multifunctional MOFs-based nano- or 
microstructures. For example, MOFs nanoparticles can be incorporated with metal 
nanoparticles with well-controlled distribution, and the mechanical properties of 
MOFs nanoparticles can be significantly improved by forming the MOFs-based 
nanocomposites. At the same time, new approaches have been developed to 
synthesize unique MOFs structures, like the MOFs@Au hybrid thin films and two-
dimensional MOFs microplates. Formation mechanisms of those novel structures 
have been investigated and related applications have been explored. 
1.3 Structure of Thesis 
In Chapter 2, a brief review about the research background and process towards 
porous materials especially the new emerging metal-organic framework (MOFs) 
nanomaterials is presented, in the field of various nanostructures, different synthetic 
methods, and related applications. Chapter 3 focuses on the integration of metal 
nanoparticles with zeolitic imidazolate framework-8 (ZIF-8) nanocrystals, with 
controlled distribution and size limitation of metal nanoparticles. The structures of 
ZIF-8 nanocrystals could be well controlled by adjusting the synthetic parameters and 
the catalytic properties of the products were well-examined. Chapter 4 is about the 
mechanical properties enhancement of MOFs nanocrystals with controlled size and 
morphologies, through the wet chemistry approach to add an enforcing mesoporous 
silica layer, without altering the pristine physicochemical properties of MOFs. This is 
the first report towards the improvement of the mechanical properties of nanoscaled 
MOFs. Chapter 5 is focusing on the unique growth pathway of MOFs thin films at the 




water/oil interface with the presence of Au monolayer thin film, which was prepared 
through the self-assembly of Au nanoparticles with the following oriented attachment; 
therefore the MOFs@Au hybrid thin films could be obtained at the interface. Chapter 
6 presents the synthesis of MOFs microplates through an interesting precursor-
induced transition pathway. The microplates could be used as supports for catalytic 
metal nanoparticles, or as building blocks for artificial nacreous films. Finally, an 
overall conclusion based on chapter 2-6, as well as some suggestions for future work 
are given in Chapter 7. 
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In this chapter, the research background and process towards porous materials 
especially the new emerging metal-organic framework (MOFs) nanomaterials is 
presented, in the field of various nanostructures, different synthetic methods, and 
related applications. Firstly, a short introduction about the most common porous 
materials including zeolites and mesoporous silica will be described, followed by the 
main focus on MOFs, especially the nanoscaled MOFs. Various morphological 
control methods about different MOFs nanostructures will be introduced, including 
zero-, one-, and two-dimensional MOFs nanostructures, as well as hierarchical MOFs 
structures. Furthermore, MOFs nanostructures incorporated with other functional 
nanoparticles will be illustrated. Last but not least, the properties and derived 
applications of MOFs-based nanostructures will be introduced. 
2.1 Overview of Porous Materials 
Materials research has been always playing an essential role in advanced science and 
technology, and promoting the development of economic prosperity and the quality 
of human’s life. Porous materials are a kind of important functional materials because 
of their excellent performance both in scientific research and industrial applications. 
Their light density, high surface area, and tuneable pore size has induced many 
applications in a quite wide range, such as construction, gas storage, catalyst, etc.1 
The classical porous materials that are found in nature include biological tissues 
(bones, wood, etc.), rocks, zeolites, etc. At the same time, scientists have also 
developed many synthetic porous materials, such as synthetic zeolites, porous metals, 
artificial membranes, and mesoporous silica; and some of them have been widely 
commercialized in industrial fields, such as catalysis, separations, adsorptions, etc.1,2 
According to the pore size distribution, porous materials can be divided into three 
ranges, including microporous materials with pore size smaller than 2 nm, 
mesoporous materials with pore size 2-50 nm, and macroporous materials with pore 
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M௫/௡௡ Siଵି௫Al௫Oଶ ∙ 6HଶO (M = Na+, K+, Li+, Ag+, NH4+, H+, Ca2+, Ba2+, etc.).4 The M 
ions are called counter ions (cations), which are aimed to compensate for the negative 
framework charge that is caused by the aluminium substitution. These ions are 
present in the pores or voids, and they are usually mobile within the frameworks.11 
The pore size for zeolites is around the molecular level (~4‒13 Å), hence zeolites can 
adsorb the molecules that can fit closely inside the pores and exclude the molecules 
with larger size; therefore zeolites can be used as molecule sieves.11 Pores within 
zeolites can exhibit either one-dimensional (1-D), two-dimensional (2-D) or three-
dimensional (3-D), with a general void volume less than 50%.11 The typical zeolites 
structures are demonstrated in Figure 2.1. Since 1940s, the development of synthetic 
zeolites has been greatly promoted, resulting in much more extended applications. 
For example, zeolites have shown great performance on adsorption and separation, as 
well as molecular sieving;12,13 and these applications are mainly due to the uniform 
size limitations and the presence of free cations. At the same time, because of the 
mobile counter cations in zeolites, they can also be widely used for ion exchange, 
such as detergents and waste water purification.14 Meanwhile, zeolites have been used 
a lot as heterogeneous catalysts, especially in petrochemical industry, e.g., cracking, 
because of their strong acidity caused by hydrogen form inside of zeolites which are 
prepared through ion exchange.9 Moreover, zeolites also perform well in nuclear 
industry, biogas industry, construction, etc.15 Their unique properties and wide 
applications always push the zeolites science and technology forward. 
2.1.2 Mesoporous Silica 
As another kind of important porous materials, mesoporous silica has been widely 
investigated during the past decades.16,17 They were firstly developed around 1970s,18 
and started to attract more attention since early 1990s.16,17,19,20 Regarding to the 
particle structures and morphologies, mesoporous silica nanoparticles (MSNs) can be 
divided into two main categories, including ordered MSNs and hollow MSNs. The 
most famous ordered MSNs are MCM-4121 and SBA-1519, with hexagonal array of 
pores. MCM-41 contains regular array of uniform channels, which can be tailored 
~16‒100 Å; while for SBA-15, the pore size can be further increased to ~46‒300 Å. 
MSNs are generally prepared through the hydrolysis of tetraethylorthosilicate (TEOS) 
with the presence of rod-like micelles composed of surfactants, which are called soft 
templates or named as structure-directing agents (SDAs).16-21 By adjusting the 
surfactants and hydrolysis parameters of TEOS, MSNs with different pore size, pore 
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(f), reprinted with permission from ref. 30, copyright (2011) American Chemical 
Society .   
  
At the same time, hollow MSNs have also received sufficient research interest due to 
the increasing demands of more functionality.  Until now, many approaches have 
been developed to prepare hollow MSNs, such as soft template method, selective 
etching method, self-templating method, etc.26-30 As a result, the structural varieties 
can include the yolk-shell MSNs, single-shell MSNs, and multi-shell MSNs. Based 
on these unique structures, they can be further functionalized, e.g., through the 
incorporation of functional nanoparticles, such as Au, TiO2, Fe3O4, etc.29,29 The 
typical structures for hollow MSNs are shown in Figure 2.4. Consequently, more 
applications of MSNs could be expected. For example, with interior hollow spaces 
and mesoporous shell, hollow MSNs show great potential for the next generation of 
drug delivery because of the extremely high loading capacity.25 Moreover, hollow 
MSNs incorporated with functional nanoparticles can be used as effective catalysts; 
therefore the hybrid structures could be used as nanoreactors.29  
2.1.3 Metal-Organic Frameworks (MOFs)  
As a new domain of porous materials, metal-organic frameworks (MOFs) have come 
to age especially over the past two decades.8,31-33 MOFs are generally defined as the 
crystalline materials formed by bridging the metal ions and organic linkers through 
metal-ligand bond with great uniformity over three dimensions. Due to their hybrid 
compositions, these materials are also classified as hybrid porous materials, or 
referred as coordination polymers.7,8 Actually, there is a long history for research 
about organic coordination frameworks. The first organic coordination frameworks 
Prussian blue (Fe4[Fe(CN)6]3) was synthesized around 1706, which was more then 
300 year ago.34 It was not until 1990s that the research on MOFs has greatly 
increased.8,31-33 The great success and rapid growth for the research on these hybrid 
porous materials are largely based on the simple synthesis methods and the tailorable 
properties such as high porosities and surface areas, resulting from the varieties of 
organic linkers and metal ions. To date, tens of thousands of MOFs structures have 
been developed and identified, according to the Cambridge Structural Database 
(CSD). MOFs materials have shown great potential in many attractive applications, 
such as gas adsorption and separation, catalysis, bio-imaging, drug delivery, etc.35 
Compared with other porous materials, MOFs show promising advantage with higher 
porosity and surface area, e.g., the highest Brunauer−Emmett−Teller (BET) surface 
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Besides the inherent properties, applications of MOFs materials can be further 
extended by shaping MOFs into various structures or architectures. For example, 
inspired by the development of nanotechnology, nanoscaled MOFs (NMOFs) 
materials have been synthesized with more properties which are distinguished from 
those of bulk counterparts. Therefore, NMOFs with desired size and morphology 
could be obtained for specific applications.38,39 Meanwhile, by incorporating other 
functional materials (metal nanoparticles, quantum dots, etc.) with MOFs, 
multifunctional hybrid structures could be achieved, and therefore more applications 
could be realized.40 Moreover, more complicated MOFs-based architectures could be 
synthesized, such as heterogeneous porous structures (showing both microporous and 
mesoporous property), core-shell structures, and ‘superstructures’ using NMOFs as 
building blocks. With continuous research interest towards MOFs materials, more 
and more applications are developed and the details would be discussed in the 
following parts. 
2.2 Review of Nanoscaled MOFs (NMOFs) Structures 
Miniaturization materials to nanoscale have induced many amazing properties 
compared with those for traditional bulk materials, and therefore the applications 
would be enhanced over many fields. The ultra-small size, higher surface area, 
nanoscale optical and electrical properties, etc., have greatly promoted the 
applications for nanomaterials, such as bio-imaging, catalysis, drug delivery, solar 
cells, etc.38 Similarly, downsizing of MOFs materials has also constituted an essential 
approach to obtain enhanced properties and provided more opportunities for the 
fabrication of NMOFs-based devices. For example, NMOFs are somehow quite 
necessary for the drug delivery through the internalization process into cells;41 and the 
catalytic properties, ion changes, and separation properties might be enhanced 
significantly for NMOFs.42,43 The dimensionality-controlled MOFs nanostructures or 
nanodevices over a wide range have been reported, consisting of the zero-
dimensional (0-D) and one-dimensional (1-D) nanostructures with various size and 
shape, two-dimensional (2-D) thin films or membranes, and three-dimensional (3-D) 
“superstructures’ starting from MOFs nano- or microparticles as building blocks. In 
the following part, we will introduce the recent development for the synthesis of 
MOFs into various dimensionalities and architectures. 
2.2.1 Zero-Dimensional (0-D) NMOFs 
Zero-dimensional (0-D) NMOFs that usually exhibit polyhedral or spherical 
morphologies are generally prepared relying on the controlled nucleation and crystal 
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growth process under solvothermal or hydrothermal conditions. At the same time, 
many other approaches including coordination modulation, ligand activation, 
controlled precipitations, etc., have also been successfully adopted. Furthermore, 
ultrasonciation and microwave-assisted techniques have also been utilized, which can 
accelerate the nucleation process therefore scale down the particles size efficiently. 
As a result, various kinds of MOFs materials can be scaled down into 0-D 
nanostructures according to different synthetic methods.  
2.2.1.1 Conventional Solvothermal or Hydrothermal Synthesis 
As a common strategy for the preparation of bulk MOFs materials, solvethermal or 
hydrothermal protocols can also be successfully utilized for the synthesis of NMOFs; 
and in some case, surfactants or modulators are necessary in order to acquire specific 
size and morphology.41,44-46 For example, polyhedral IRMOF-1 (also named as MOF-
5, Zn4O(BDC)3, BDC = 1,4-benzenedicarboxylic acid) and IRMOF-3 
(Zn4O(NH2BDC)3, NH2BDC = 2-amino-1 4-benzenedicarboxylic acid) nanocrystals 
could be harvested through solvothermal method, with hexadecyltrimethylammonium 
bromide (CTAB) as surfactants.45 In this system, CTAB was believed to slow down 
the nucleation and crystal growth process at elevated temperature, and would allow 
high crystalline nucleation cores to form. Representative TEM images are shown in 
Figure 2.6. Meanwhile, coordination modulation approach is also an effective way to 
prepare the 0-D NMOFs. In this case, the so called “coordination modulators” usually 
holding the similar functional groups as the organic linkers of MOFs are used, 
therefore they can compete with the organic linkers during the coordination process 
with metal ions.46 As a result, the framework extension and crystal growth of MOFs 
could be well confined with the capping modulators on the crystal surfaces. A general 
principle can be referred from Figure 2.7. Besides 0-D NMOFs, selective modulation 
can also be quite effective for the preparation of 1-D or 2-D MOFs nano- or 
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2.2.1.2 Ultrasonication and Microwave-Assisted Approaches 
Very recently, ultrasonication and microwave radiation have been adopted as 
promoted energy suppliers to initiate the nucleation and enhance the crystal growth of 
NMOFs. The first example using ultrasonication was reported in 2008 by Qiu et al., 
who have successfully prepared the fluorescent NMOFs Zn3(BTC)2·12H2O at 
ambient temperature.47 Ultrasonication has been believed to effectively promote the 
acoustic cavitation within the collapsing bubbles, and to generate the localized hot 
spots with an exceedingly high transient temperature (~5000 K), pressure (~1800 
atm), and cooling rate (~1010 K s‒1).48 As a result, ligand activation and coordination 
interaction prefer to occur at these hot spots, generating small particles in a limited 
region because these hot spots would cool down to room temperature within 
milliseconds. Microwave heating has been proved to be a quite efficient protocol for 
the fast heating during the synthesis of metal and oxide nanoparticles, and similarly it 
turns out to be a promising approach for the synthesis of NMOFs.41,49 Masel et al. 
firstly reported the synthesis of nano- or microsized MOFs (IRMOF-1, -2, and -3) 
particles using microwave-assisted solvothermal method in a quite short time within 
one minute, while the conventional solvothermal methods usually cost several hours 
or days.49 The possible mechanism was attributed to the superheating of reaction 
solvents, resulting in the hot spots that can afford fast nucleation and crystal growth. 
Both of these two methods have shown faster reaction rate for the synthesis of 
NMOFs than the classical solvo-/hydrothermal synthesis, due to the fast formation of 
hot spots in the reaction medium, generating a higher pre-exponential factor of the 
Arrhenius equation and therefore a higher reaction probability.50 
2.2.1.3 Micro- or Nanoemulsion 
Besides the control on the energy transduction for the preparation of 0-D NMOFs, 
micro- or nanoemulsion can also be used by taking the advantage of interfacial 
reaction to confine the reaction zone as well as the final particle size. Two typical 
approaches have been reported to date. The first method is similar like that for the 
preparation of mesoporous silica nanoparticles through microemulsion approach. 
Mesoporous MOFs nanospheres have been reported by Zhao et al., using surfactants 
as soft templates to limit the size and morphology of the resulting nanoparticles.51 In 
this system, the surfactant N-ethylperfluorooctylsulfonamide can form the 
microemulsion in the solvent, which is consisted of ionic liquid and supercritical 
CO2; then the MOFs precursors Zn(NO3)2 and 1,4-benzendicarboxylic acid were 
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2.2.1.4 Controlled Precipitation at Room Temperature 
Another common method for the synthesis of 0-D NMOFs belongs to the controlled 
precipitation at room temperature. This strategy can be divided into two main 
categories. The first one involves the direct mixing of precursor solutions with 
controlled nucleation and crystal growth of NMOFs in a solvent, while the second 
protocol relies on the introduction of external poor solvents that can accelerate the 
precipitation of NMOFs. A typical example for the first approach is the synthesis of 
ZIF-8 nanoparticles at room temperature using methanol as solvent, while the 
reaction process can be divided into deprotonation of the organic linkers, nucleation 
and crystal growth stages, as described by Cravillon et al.54,55 Therefore by 
introducing different surfactants that can significantly affect these three steps, it was 
possible to obtain the ZIF-8 nanoparticles with different size. The poor solvent-
induced approach can be well illustrated by the synthesis of HKUST-1 nanoparticles 
at room temperature.56 The HKUST-1 mother solution was prepared by dissolving 
copper nitrate and 1,3,5-benzenetricarboxylic acid ligands into dimethylsulfoxide. 
Then certain amount of the mother solution was added into methanol at room 
temperature and HKUST-1 nanoparticles could precipitate within minutes.   
2.2.2 One-Dimensional (1-D) NMOFs 
While the synthesis of 0-D NMOFs has been widely extended, it also becomes very 
interesting to prepare anisotropic NMOFs. With the efforts, many kinds of 1-D 
NMOFs have been developed. The key strategy here is to control the different growth 
speed over various dimensions, aiming to accelerate or promote the fastest growth 
speed for one special dimension, while restraining or limiting the growth over the 
other dimensions.  
2.2.2.1 Coordination Modulation 
As described in 2.2.1.1 for the preparation of 0-D NMOFs and also indicated by 
Figure 2.7, coordination modulators can be quite effective over the control on the 
morphologies of MOFs nanostructures, and 1-D NMOFs could also be obtained.46 In 
this case described by Kitagawa et al., coordination modulation was achieved through 
the different affinities of modulators on different crystal facets. The MOFs 
[{Cu2(ndc)2(dabco)}n] contain two coordination modes, the ndc-copper and the 
dabco-copper, while ndc linkers connect copper ions along [100] and [010] 
directions, and dabco linkers connect copper ions along [001] direction. Therefore the 
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nanocrystals.68 In their approaches, the microcontact printing (μCP)-patterned SAM 
consisted of 16-mercaptohexadecanoic acid and 1H,1H,2H,2H-perfluorododecane 
thiol were first prepared on Au(111) surface. After the substrate was immersed into 
the supersaturated MOF-5 precursor solutions, MOF-5 thin film could be observed on 
the carboxylate-terminated areas of SAM, because of the preferred coordination 
between Zn2+ ions and carboxylate groups on SAM. Meanwhile, no MOF-5 could be 
observed for the CF3-terminated areas. This method has also been extended for the 
oriented synthesis of HKUST-1 and MIL-53 micro- or nanocrystals, reported by Bein 
et al.69,70 The interesting point here is that the orientation of formed HKUST-1 
crystals can be tuned by the selection of differently terminated SAM.69 It has been 
observed that HKUST-1 would grow along [001] direction on carboxylate-terminated 
SAM, while [111] would be dominant growth direction on the hydroxyl-terminated 
SAM; however, no preferred orientation could be observed on the non-polar CH3-
terminated regions, but a faster growth process was achieved over the whole surface. 
Crystal orientation was mainly determined by the coordination interaction between 
functional groups (-COOH or -OH) and Cu2+ ions located at the surface of 
nanocrystals, while the ‘catalytic effect’ of -CH3 was attributed to the dispersive 
forces between HKUST-1 crystal surface and SAM. The results and relative 
schematic illustrations are shown in Figure 2.13. The effect of non-polar SAM by 
accelerating nucleation and crystal growth MOFs has also been successfully extended 
by Huo et al., through the selective deposition of ZIF-8 thin films on SAM-
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2.2.4.3 Self-Assembly of MOFs to Form Superstructures 
Self-assembly through nano-building blocks into large-organized, well-ordered 
architectures  is also a promising way to fabricate multifunctional structures, and this 
approach has also been adopted to prepare MOFs-based superstructures. The first 
report related to the self-assembly of MOFs microcrystals is attributed to Yanai et al., 
who successfully prepared the 2-D superparticles structures using ZIF-8 
microcrystals, controlled by the adjustable surface charge of the particles.85 The same 
group recently also reported the 1-D self-assembly of ZIF-8 microcrystals into liner 
superstructures, based on the similar mechanism.86 Pang et al. also reported the large-
scaled, perfectly-ordered 2-D MOFs superstructures through the surfactant 
(polyvinylpyrrolidone, PVP) modified approach.87 The effect of PVP has been well 
identified by Yang et al., who pointed out that the strong entropic repulsion between 
the neighbouring particles surrounded by PVP are effective for the well-ordered self-
assembly.88 Lu et al. further succeeded to prepare the oriented MOF films with 
controlled thickness based on the assembly of large-area 2-D monolayers of a 
microcrystal, and of long-range 3-D superlattices of MOF microcrystals through a 
sedimentation technique, which also relied on the assistance of PVP.89 Very recently, 
Pang et al. developed a novel 3-D hollow superstructures or “colloidosomes” using 
the nonspherical NMOFs as building blocks.90 This approach was based on 
microeumlsion-directed self-assembly; in details, uniform micelles were first 
generated within the solvent containing MOFs precursors, followed by solvothermal 
process to initialize the nucleation and crystal growth of NMOFs. The obtained 
NMOFs preferably aggregated on the interface between micelles and surrounding 
solvents, due to the reduction of total interfacial energy. The typical images for the 
above mentioned results are shown in Figure 2.20, and these structures might greatly 
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2.3.1 Gas-Phase Loading and Reduction 
As the most common procedure, the gas phase loading and reduction method has 
been widely adopted by Fischer et al. since 2005, who firstly utilized the metal 
organic chemical vapour deposition (MOCVD) or the gas-phase loading of metal 
organic precursors followed by in-situ reduction (hydrogenolysis at high temperature 
or photolysis) to prepare metal@MOFs nanocomposites.91-93 A series of metal 
nanoparticles have been successfully incorporated into different NMOFs 
matrixes.92,94-96 For example, MOF-5 has been used as supports for Cu, Pd and Au 
nanoparticles.91 In this case, the activated MOF-5 was put into vacuum chamber and 
exposed to gas vapors of metal organic precursors CpCu(PMe3), CH3Au(PMe3) and 
CpPd(η3-C3H5) for Cu, Au and Pd respectively. The penetration of gas precursors into 
the pores of MOF-5 can be completed within minutes, followed by the hydrogen 
reduction at evaluated temperature. The interaction process could be illustrated by 
Figure 2.21, shown with the representative results. Additionally, Ru@MOFs, 
Pt@MOFs, Ni@MOFs, etc., can also be prepared using the similar approach. At the 
same time, MOFs supports can also be varied, e.g., MOF-177, ZIF-8, ZIF-90, etc. can 
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incipient wetness impregnation and the colloid deposition. In the former approach, 
metal precursor solutions were first impregnated into MOFs matrix, followed by 
redox reaction to form metal nanoparticles; nevertheless, metal nanoparticles colloid 
suspensions instead of precursor solutions were directly used in the later protocol, 
without the redox reaction.  
2.3.2.1 Incipient Wetness Impregnation 
Suh et al. first dispersed the as-obtained Ni-based MOFs (Ni-MOFs) into the AgNO3 
methanolic solution at room temperature, and Ag nanoparticles ~3 nm could be 
formed and incorporated into MOFs matrix, due to the redox reaction between Ag+ 
ions and Ni(ii) macrocycles within Ni-MOFs.99 The main feature for this strategy is 
the absence of additional reducing and capping agents, as Ni(ii) macrocycles can 
exhibit the reductive effect. This method has been extended for the synthesis of 
Au@Ni-MOF and Pd@Ni-MOF.100-102 Nevertheless, many approaches involving 
additional reductants have also been developed. For example, after the impregnation 
of Pd(acac)2 (acac = acetylacetonate) into MOFs matrix, the following reduction by 
H2 could generate Pd nanoparticles inside MOFs, such as MOF-5 and MIL-101.103,104 
Depending on the reaction solvents and properties of metal precursors, the varieties of 
reductants can include H2, NaBH4, or hydrazine; and Pt, Au, Cu, Ag or the Pd-Cu, 
Au-Pd alloys, and the Au@Ag core-shell nanoparticles can be incorporated into the 
pores or deposited on the exterior surface of different NMOFs.104-107  
However, the main challenge for the above mentioned method is the lack on the 
control to prepare the ultra-fine metal nanoparticles with uniform size distribution, 
together with the aggregation of nanoparticles on the exterior surface of NMOFs. 
Recently, Xu et al. first reported the so called “double solvents method” (DSM) to 
obtain ultra-fine metal or alloy nanoparticles inside MIL-101 matrix without any 
surface aggregation.108-110 MIL-101 was adopted because of its high stability in water, 
high porosity and the presence of hydrophilic cavities with the diameters of 2.9 and 
3.4 nm, accessible from the pore windows of 1.2 nm and 1.6 nm in diameter 
respectively.111 The large pore windows allow metal precursor molecules to diffuse 
into the cavities, where the redox reaction could take place. In detail, activated MIL-
101 was first dispersed into organic solvent, followed by the addition of aqueous 
metal precursor solution, the volume of which should be equal or less than the total 
pore volume of MIL-101. In this case, all the aqueous solution would be trapped 
inside of MOFs. The metal precursors can be further reduced by H2 in solid state or 
through the “overwhelming reduction” approach by high concentration of NaBH4 
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2.3.4 Post-Construction of NMOFs   
The common feature for the above described approaches is the adoption of pre-
synthesized NMOFs for the synthesis of metal-MOFs hybrid nanocomposites. Apart 
from this, an idea came out where NMOFs would nucleate and further grow with the 
presence of pre-synthesized nanoparticles, and therefore the pre-existed nanoparticles 
would be wrapped inside of NMOFs after reaction. In this approach, the surfaces of 
nanoparticles are usually modified with certain surfactants that have a high affinity 
with MOFs matrix, similar as the method mentioned in 2.3.2.2. Based on this 
protocol, Au(MUA)@HKUST-1, Au(MUA)@IRMOF-9 and 
Fe3O4(SQMTC)@[{Mn(QMTC)2(dmso)2}n] hybrid nanocomposites could be formed 
(Au(MUA) means the Au nanoparticles or nanorods capped with 11-
Mercaptoundecanoic acid (MUA), and the same case for Fe3O4(SQMTC) (SQMTC = 
[(η5-semiquinone)Mn(CO)3])).114-116 In this regard, surfactants can build up 
coordination interactions with MOFs matrix. Recently, Huo et al. reported a general 
approach to construct ZIF-8 around various kinds of nanoparticles, the surfaces of 
which were all modified with PVP.117 The components and distribution of 
incorporated nanoparticles can be well controlled, e.g., the nanoparticles can include 
Au, Pt, Ag, Fe3O4, NaYF4, CdTe, CdSe, PS, etc., with various shape and size. The 
surface, instead of the compositions of nanoparticles, is the key parameter that 
determines the incorporation process. 
2.4 Properties and Applications of NMOFs  
Based on the above mentioned synthetic methods as well as various structures, a wide 
range of promising properties and application could be obtained for NMOFs. These 
properties can either be derived from the intrinsic structure uniqueness, including the 
porous structures, the presence of open metal sites and the functional organic linkers, 
or generated from the hierarchical and hybrid structures. The porous structures 
provide many applications towards adsorption and separation, and the cavities can be 
further used as supports for other functional moieties.40,118-120 The metal sites within 
MOFs matrix have the potential to interact with photons and electrons, to trap 
molecules, to show luminescence, or to show magneto-optical properties.121-123 
Meanwhile, organic linkers can be modified with different functionality, e.g., addition 
of functional groups as -NH2;124 linkers could also be chosen from some 
chromophores or biomolecules, resulting in MOFs with optical properties or better 
biocompatibility.125 These properties can take the advantage of working at nanoscale, 
leading to novel avenues for the design of new functional materials. Moreover, 
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hierarchical and hybrid structures can further extend the properties, raised from both 
the structural complexity and compositional diversity. 
2.4.1 Gas Adsorption 
Compared to bulk MOFs, NMOFs show more interesting or improved gas adsorption 
property. For example, an accelerated adsorption kinetics of nanocrystals of 
{[Zn(ip)(bpy)]}n (ip = isophthalate, bpy = 4,4-bipyridyl) compared with bulk crystals 
has been reported by Groll et al.;126 nevertheless, the total adsorption capacity also 
remains the same. The main reason was attributed to both the nanoscale effect with 
shorter diffusion length, and the possible presence of surfactants on the crystal 
surfaces. At the same, it has also been observed that hydrogen adsorption for the 
MOFs incorporated with Pd or Pt nanoparticles can be significantly improved than 
that of pure MOFs, because of the spillover effect of Pd or Pt nanoparticles that 
dissociate H2 molecules.103,127-129 
2.4.2 Catalysis 
Bulk MOFs have been widely examined as heterogeneous catalysts over many 
chemical reactions.130,131 By scaling down to nanosize, more opportunities have been 
extended because of the shorter diffusion length and higher surface areas; and the 
formation of metal-MOFs hybrid nanocomposites has promised more catalytic 
applications.132 For example, Au@MIL-101 catalysts have shown high catalytic 
performance on the aerobic oxidation of alcohols over a wide range, with high 
stability and recyclability.112 Pd@MIL-101 and Ru@MOF-5 hybrid nanocomposites 
also show high activity and stability over the hydrogenation reactions.95,133 Pt@ZIF-8, 
Au@ZIF-8, and Pd@MIL-101 can be used as catalysts over CO oxidation reaction 
with high activity and relative low temperature.104,107,117 Besides, metal-MOFs hybrid 
nanocomposites have also been widely tested over the C-C coupling reaction, the 
reduction of 4-nitrophenol, methanol production, etc., with relative good 
performance.92,106,134,135 
2.4.3 Biomedical Application 
NMOFs also show many advantages in biomedical applications, including drug 
delivery, controlled release, bioimaging, etc.41 In this regard, it is necessary to ensure 
acceptable biocompatibility and biostability for NMOFs, which can be achieved 
through the various synthetic approaches described previously.  It was the first time 
for Lin’s group to fabricate NMOFs as the drug carriers by bridging Tb3+ ions and 
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c,c,t-(diamminedichlo-rodisuccinato)Pt(IV) (disuccinatocisplatin, DSCP) ligands.78 
The as-prepared NMOFs were capped with silica shell to improve the stability in 
aqueous phase, in which NMOFs will gradually decompose to release the DSCP. 
DSCP is efficient anticancer drug in vivo for cancer cells via the reduction to Pt(II) 
species by endogenous biomolecules such as glutathione, and the release speed could 
be controlled by varying the thickness of silica shell. Furthermore, the same group 
reported the loading of fluorophores and anticancer drugs within MIL-101 (Fe) 
through the post-synthetic modification. The obtained nanocomposites could be 
therefore used for bioimaging (due to the fluorophores) or cancer cell treatments (due 
to the drugs).136 Grey et al. then reported the use of non-toxic Fe(III)-based NMOFs 
as bioimaging probes and drug carriers with controlled release over a wide range of 
drugs, including busulfan, azidothymidine triphosphate, doxorubicin and cidofovir, 
which can be used for the treatment of cancer or AIDS.41  
2.4.4 Optical Properties 
As mentioned above, NMOFs can be used as carriers for fluorophores and the 
obtained nanocomposites show the application on bioimaging. Apart from the 
formation of nanocomposites, NMOFs consisted of luminescent metal ions or organic 
linkers can exhibit luminescence by themselves. For example, Mallah et al. reported 
the synthesis of Tb(III)- or Eu(III)-based NMOFs with size blow 10 nm.137 
Luminescence could be observed for both of these NMOFs under UV irradiation in 
aqueous solution, especially for the Eu(III)-based one with intense red emission. 
These properties can be used in bioimaging fields. Nevertheless, Loh et al. succeeded 
to adopt the second approach, by assembling two chromophores into a 1-D 
NMOFs.138 The good overlap between their respective emission and adsorption bands 
as well as the well-ordered 1-D self-assembly gave rise to a light harvesting antenna 
with intense red emission under UV irradiation.   
2.4.5 Sensors 
It has been well-understood that after the incorporation of exterior molecular species 
into MOFs structures, the physical properties of raw MOFs would be tuned.139 
Therefore NMOFs with the inherent high porosity, high surface area, and selective 
adsorption ability could be an ideal candidate as the chemical sensors. Lin’s group 
has presented the use of Eu-doped NMOFs with surface modification for the 
detection of anthrax and other bacterial spores by complexing to dipicolinic acid 
(DPA).140 The silica-coated NMOFs were modified with 3’-Tb-EDTM, which is an 
effective luminescence probes for DPA by forming the 3’-Tb-EDTM-DPA. Without 
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the presence of DPA, only Eu luminescence could be observed for MOFs-based 
nanocomposites; while Tb luminescence can only be observed when 3’-Tb-EDTM-
DPA is formed. Qiu et al. reported selective sensing of organoamines by 
Zn3(BTC)2·12H2O nanocrystals, as the fluorescence of NMOFs would be quenched 
by ethylamine, because of the interaction between open metal sites of NMOFs and 
ethylamine.141 The metal-MOFs hybrid nanocomposites can also be used as the 
effective sensors. Tang et al. reported the use of Au@MOF-5 core-shell nanoparticles 
as the effective sensors for CO2, by combining the high CO2 capture ability of MOF-5 
and surface-enhanced Raman scattering (SERS) of Au nanoparticles.142 The 
Au@MOF-5 NPs with the thickness of (3.2 ± 0.5 nm) can show significant Raman 
shift at 1395 cm‒1 with the presence of CO2, while no obvious Raman shift could be 
observed for N2, O2, and CO, indicating the high selectivity. 
2.4.6 Templates 
The high crystalline, porous properties and structural tunability of NMOFs have 
provided many opportunities for them to be used as templates for the preparation of 
other functional materials with interesting structures. The use of MOFs cavities to 
confine the size of incorporated metal nanoparticle has been described in the previous 
part. Furthermore, there is a path to transfer the structural complexity of NMOFs into 
other nanomaterials. For example, Oh et al. have reported the synthesis of hexagonal 
ZnO rings from MOF-5 layer that was coated on the surface of hexagonal 
templates.143 The hexagonal MOF-5 ring that was obtained by dissolving the 
templates can be transferred to ZnO through calcination. The same group also 
succeeded to get hollow or non-hollow In2O3 nanorod through the calcination of 
InBDC MOFs nanorods.144 Reported by Xu et al., Co3O4 nanoparticles have been 
synthesized through the conversion of cobalt oxide subunits in a cobalt MOFs 
Co3(NDC)3(DMF)4, and Pt/ZnO nanocomposites could be obtained from Pt@MOF-5 
hybrid structures.145,146 There are also some reports about the synthesis of highly 
porously carbon using MOFs as templates, and the obtained products shown great 
potential in hydrogen adsorption and electrochemical applications.147,148  
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SURFACE AND BULK INTEGRATIONS OF 
SINGLE-LAYERD AU OR AG 
NANOPARTICLES ONTO DESIGNATED 
CRYSTAL PLANES {110} OR {100} OF ZIF-8 
 
3.1 Introduction 
As introduced in the previous chapter, metal‒organic frameworks (MOFs) are a class 
of emerging functional materials that are formed from bridging the metal ions with 
the organic linkers to form the three-dimensional (3D) crystalline networks.1-4 Over 
the past decades, they have attracted enormous research interest, because of their 
many tunable properties, such as high surface area and porosity.5,6 The outstanding 
properties acquired have promised potential applications across various technological 
fields including gas sorption and gas separation,7-9 molecular sieving,10 drug 
delivery,11,12 biosensing,13 and heterogeneous catalysis,14,15 etc. In recent years, in 
particular, MOFs have also been synthesized into various types of nanostructures in 
order to take advantage of both inherent and nanoscale properties of MOFs. These 
research endeavors have greatly extended the properties and applications of general 
MOFs.16-18  
The incorporation or integration of other functional materials into MOFs has also 
opened up another new path to design multifunctional MOFs materials. Many kinds 
of nanoparticles including Au, Ag, Pt, Ru, Fe3O4, GaN, CdTe, etc., have been 
successfully incorporated into different MOF structures in recent years.19-32 
Therefore, these MOF structures have acquired additional functionalities such as 
catalytic activity, magnetic performance, luminescence, etc., while maintaining their 
pristine microporous properties.19-32 Generally, the methods that have been reported 
can be divided into two main categories. The first one is the on-site generation of 




metal or metal-based nanoparticles within the cavities of MOFs via reduction, 
oxidation, or decomposition process of preloaded precursors.20-26 The other one is the 
encapsulation of the pre-synthesized nanoparticles inside of the MOFs matrixes; in 
most cases, the nanoparticles are capped by organic surfactants that can improve the 
affinity between the nanoparticles and MOFs.27-32 Very recently, a general method 
has been developed to encapsulate different metal or metal-based nanoparticles inside 
of zeolitic imidazolate framework-8 (ZIF-8) crystals through the 
polyvinylpyrrolidone (PVP) assisted process, which has overcome many 
disadvantages of previous methods, such as the agglomeration of nanoparticles and 
the lack of control on the properties of nanoparticles.32 However, the bonding 
situation is still largely unclear and the affinity of metal nanoparticles to the ZIF-8 
matrix with the assistance of PVP remains to be explored. Previously, it has been 
reported that Au nanoparticles (AuNPs) can be loaded onto the surface of organic 
single crystals through the electrostatic interaction between AuNPs and the functional 
groups on the crystal surface.33 
If we could build up the new coordination interactions between the metal 
nanoparticles and MOFs, the integration of these two materials might be obtained in 
an even more controllable way. To pursue this research, we have looked into intrinsic 
coordination bonding situations of general MOF materials. For instance, one of the 
biggest families of MOFs is the isoreticular metal‒organic frameworks (IRMOFs), 
which are mainly formed by bridging the metal ions (mostly Zn2+) with the 
carboxylate group of the organic linkers.34,35 Here we define it as the Type I 
interaction, and the organic linkers can be adjusted both on the length of carbon chain 
as well as on the various functional groups, to constitute the family of IRMOFs. 
Meanwhile, ZIFs which represent for another big family of MOFs, are generally 
formed through the coordination interaction between the metal ions (Zn2+ or Co2+, 
etc.) and the imidazole molecules, which we define as Type II interaction, where the 
basic structure unit is the MN4 tetrahedron (where M stands for metal, and N stands 
for nitrogen atom).36,37 The ZIF-8 that we selected in this study is an representative 
ZIF, which is formed by the coordination between Zn2+ and 2-methylimidazole.36 For 
the Zn2+  ions located on the exterior surface of ZIF-8 crystals, they are not fully 
paired through the Type II interaction, compared with those in the bulk. The 
unsaturated bonding situation provides us an opportunity to introduce the metal 
nanoparticles on the crystals surface, if the metal nanoparticles are capped by the 
surfactants that can coordinate with these Zn2+ ions, through either Type I or Type II 
interaction. In our systems, we developed a general approach to introduce the Type I 
interaction between the surfactants of metal (Au or Ag) nanoparticles and the Zn2+ 




ions, to integrate the metal nanoparticles onto the exterior surface and/or into interior 
bulk of ZIF-8 (Type II), through the well-defined coordination bonding. 
Herein, for the first time, we can uniformly distribute single-layered, ultra-fine metal 
nanoparticles on the outer or inner crystal planes of MOFs crystals. More 
importantly, we can also control the distribution of metal nanoparticles onto 
designated crystallographic planes of ZIF-8, either {110} or {100} facets, because of 
the morphology varieties of ZIF-8 nanocrystals. The morphologies of ZIF-8 
nanocrystals can be varied from rhombic dodecahedron (designated as RD in this 
text) to cubic hexahedron (designated as NC (nanocube) in this text). This strategy 
shows adequate flexibility for architecture of advanced metal‒MOFs hybrid 
nanocomposites. The amount of incorporated metal nanoparticles can be varied 
precisely by adjusting the initial amount of metal precursors. Our Au-containing ZIF-
8 also shows high catalytic activity for 4-nitrophenol reduction.  
3.2 Experimental Section 
3.2.1 Materials 
The following chemicals were used as received without further purification: 
Zn(NO3)2·6H2O (98%, Sigma‒Aldrich), HAuCl4·3H2O (≥99.9%, Aldrich), 2-
methylimidazole (2-MeIM, 99%, Aldrich), AgNO3 (ISO, Reag, Merck), 3-
mercaptopropionic acid (MPA, 99%, Lancaster), 1-dodecanethiol (DDT, ≥ 98%, 
Sigma‒Aldrich), 11-mercaptoundecanoic acid (MUA, 95%, Sigma‒Aldrich), 
tertrabutylammonium borohydride (R-NBH4, 98 %, Sigma‒Aldrich), 
hexadecyltrimethylammonium bromide (CTAB, 98%, Aldrich), 4-nitrophoenol (4-
NP, ≥ 99.5%, Fluka), sodium borohydride (NaBH4, 99.99%, Sigma‒Aldrich), N,N-
dimethylformamide (DMF, AR, Merck), methanol (AR, Merck). Deionized water 
was collected through the Elga Micromeg Purified Water system. 
3.2.2 Synthetic Preparation 
ZIF-8 RD and ZIF-8 NC Suspensions. For the ZIF-8 RD nanoparticles, 9.6 mL of 
0.070 M Zn(NO3)2·6H2O solution in DMF was mixed with 0.15 g of CTAB with 
stirring for 5 min at room temperature. Then 9.6 mL of a 0.43 M 2-MeIM solution in 
DMF was added into the above system with stirring for another 5 min. For the ZIF-8 
NC crystals, 6.0 mL of a 0.0336 M Zn(NO3)2·6H2O aqueous solution was first mixed 
with 0.10 mL of  0.10 M CTAB aqueous solution. After stirring for 5 min at room 
temperature, 10.0 mL of a 1.096 M 2-MeIM aqueous solution was added with stirring 
for another 5 min. The two mixtures (DMF solution for RD and aqueous solution for 




NC) were then both transferred into 50 mL of Teflon-lined autoclave in an electric 
oven at 120 oC for 6 h, respectively. The products were harvested through 
centrifuging and washing extensively twice, with 20.0 mL of methanol each time. 
Finally, the products were dispersed into 20.0 mL of methanol for TEM analysis and 
further use.  
Au(I)-MPA and Ag(I)-MPA Compounds. Au(I)-MPA and Ag(I)-MPA 
supramolecular solids were prepared according to the method developed by our group 
with some modifications.38 For a general synthesis, 3.0 mL of 0.010 M HAuCl4·3H2O 
methanolic solution was mixed with 0.9 mL of 0.10 M MPA methanolic solution. 
The mixture was stirred at room temperature for 3 h, followed by centrifuging and 
washing procedure twice, with 4.0 mL of methanol each time. The products were 
finally dispersed into 4.0 mL of methanol through ultrasonication. The Ag(I)-MPA 
supramolecular solids were prepared according to the similar procedure, except 3.0 
mL of 0.010 M AgNO3 methanolic solution was used instead of the 0.010 M 
HAuCl4·3H2O solution.  
RD@Au, NC@Au and NC@Ag Suspensions. For the post-growth attachment 
approach, 0.5 mL of the above Au(I)-MPA suspension was firstly diluted to 1.0 mL 
in methanol. Then 1.0 mL of 0.25 M R-NBH4 methanolic solution was injected into 
the above mixture. The R-NBH4 solution was used immediately (~5‒10 min) after 
preparation. After stirring for 30 min, 2.0 mL of the above RD suspension in 
methanol was added with stirring for another 1 h. The products were collected 
through centrifuging and washing procedure twice, with 4.0 mL of methanol each 
time. The products were finally dispersed into 4.0 mL of methanol for TEM analysis. 
In order to obtain ultra-fine AuNPs, we also tried another on-site reduction approach. 
In this case, 1.0 mL of the above RD suspension in methanol was firstly diluted to 2.0 
mL in methanol, and then mixed with 0.25 mL of the above Au(I)-MPA suspension 
in methanol, with vigorous stirring for 2 h at room temperature. Then, 0.5 mL of 0.25 
M R-NBH4 methanolic solution was injected into the above mixture. The R-NBH4 
solution was also used immediately (~5‒10 min) after preparation. After stirring for 
another 1 h, the products were collected through centrifuging and washing procedure 
twice with 2.0 mL of methanol each time. The products were finally dispersed into 
2.0 mL of methanol for TEM analysis and further use. The NC@Au suspension was 
prepared almost through the same procedure, except 1.0 mL of the above NC 
suspension was used, instead of RD suspension. The RD@Au cores and NC@Au 
cores for the following epitaxial growth processes were all prepared through the on-
site reduction process. Similarly, NC@Ag suspension was also prepared through the 




same approach, and 0.25 mL of Ag(I)-MPA suspension in methanol was used as an 
Ag precursor. 
RD@Au@RD, NC@Au@RD and NC@Ag@RD Suspensions. To prepare 
RD@Au@RD suspension, 2.0 mL of the above-synthesized RD@Au suspension was 
mixed with 5.0 mL of 25 mM 2-MeIM methanolic solution, with stirring for 10 min 
at room temperature. Then 5.0 mL of 25 mM Zn(NO3)2·6H2O methanolic solution 
was added with vigorous stirring for another 12 h. The products were collected 
through the centrifuging and washing procedure twice, with 10.0 mL of methanol 
each time. The products were finally dispersed into 4.0 mL of methanol for TEM 
analysis and further use. The identical procedure was also adopted to prepare 
NC@Au@RD or NC@Ag@RD suspension, except 1.0 mL of NC@Au suspension 
or 1.0 mL of NC@Ag suspension was used instead 2.0 mL of RD@Au suspension.   
RD@Au@NC and NC@Au@NC Suspensions. To prepare RD@Au@NC 
suspension, 2.0 mL of the above-synthesized RD@Au suspension in methanol was 
first centrifuged, and the precipitates were dried under vacuum for more than 1 h. The 
precipitates then were dispersed into 5.0 mL of 1.096 M 2-MeIM aqueous solution 
under ultrasonication for 10 min. At the same time, 3.0 mL of 0.0336 M 
Zn(NO3)2·6H2O aqueous solution was stirred with 0.08 mL of 0.10 M CTAB aqueous 
solution for 5 min. Then the above two mixtures were mixed under stirring for 
another 12 h. The products were collected through centrifuging and washing 
procedure twice with 10.0 mL of methanol each time. The products were finally 
dispersed into 4.0 mL of methanol for TEM analysis and further use. The same 
procedure was also adopted to prepare NC@Au@NC suspension, except 1.0 mL of 
NC@Au suspension was used instead of 2.0 mL of RD@Au suspension. 
ZIF-8 NC@AuNPs Capped with DDT or MUA. The general procedures were 
similar to those for the ZIF-8 NC@Au, except that DDT and MUA were used instead 
of MPA during the Au precursor preparation.38 The amounts of precursors, their 
concentrations and reaction time for DDT and MUA experiments were quite similar 
to those used in MPA with only small modifications. For the DDT case, for example, 
double amounts of R-NBH4 together with 0.010 g of NaBH4 were used in order to 
reduce gold from Au+ to Au0.    
3.2.3 Catalytic Reduction of 4-Nitrophenol (4-NP)  
Catalytic property of the ZIF-8 NC@Au hybrid nanocomposites was examined 
through the reduction of 4-NP with NaBH4 in water. Typically, 0.47 mL of 1.3 M 
NaBH4 was mixed with 3.08 mL of 0.125 mM 4-NP aqueous solution, and the 
solution immediately changed from colorless to bright yellow. Then 0.20 mL of 0.20 




mg mL–1 ZIF-8 NC@Au suspension in water was added into the system with stirring 
for 10 s. The mixture was immediately transferred into a quartz cell for UV‒Vis 
measurement. UV‒Vis absorption spectra were recorded in the range of 200 ‒ 600 
nm to monitor the changes of the reaction mixtures. 
3.2.4 Materials Characterizations  
The crystallographic information of the prepared samples was collected through the 
powder X-ray diffraction (XRD, Bruker D8 Advance, Cu Kα radiation, λ = 1.5406 
Å). Morphological and compositional investigations were carried out with the field-
emission scanning electron microscopy (FESEM) (JEOL, Model JSM-6700F), and 
transmission electron microscopy (TEM) (JEOL, Model JEM-2010, 200 kV). 
Elemental mapping was conducted on the EDX microanalysis (EDX/JEM-2100F, 
200 kV). Fourier transform infrared (FTIR, Bio-Rad FTS-135) spectroscopy was used 
to obtain chemical bonding information of products using the potassium bromide 
(KBr) pellet technique. Surface analysis for samples was performed using X-ray 
photoelectron spectroscopy (XPS, AXIS-HSi, Kratos Analytical) with a 
monochromated Al Kα X-ray source (hν = 1486.71 eV). All binding energies were 
referred to the C 1s peak (284.6 eV) arising from the C‒C bonds. Thermogravimetric 
analysis (TGA), (Shimadzu, Model TGA-50) was also performed to test the thermal 
stability of the products. The TGA measurements were carried out at a heating rate of 
10 oC min‒1 from 30 oC to 900 oC in a compressed air atmosphere (flow rate at 50 mL 
min‒1). Specific surface areas of tested samples were determined using N2 
adsorption‒desorption isotherms at 77 K (Quantachrome NOVA-3000 system) with 
Brunauer‒Emmett‒Teller (BET) method. Prior to the BET measurements, the 
samples were degassed at 100 oC for 3 h with N2 flow. Carbon, hydrogen, nitrogen 
and sulfur (CHNS) analysis (Elementar Vario Micro Cube system) and inductively 
coupled plasma (ICP) analysis (Dual-view Optima 5300 DV ICP-OES) were used to 
measure the elemental compositions for the above studied samples.  
3.3 Results and Discussion 
3.3.1 Schematic Illustration 
Figure 3.1 shows the typical synthetic steps for the preparation of ZIF-8@Au hybrid 
nanocomposites, starting from the pure ZIF-8 RD or NC crystals. Different from the 
previous process, as mentioned in Introduction,19-32 we first prepared the ZIF-8@Au 
hybrid nanocomposites with a single layer of AuNPs uniformly distributed on the 
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3.3.2 Synthesis and Structural Characterization of ZIF-8 Nanocrystals 
To begin with this work, we have successfully prepared the ZIF-8 nanocrystals in 
both RD and NC morphologies with relative narrow size distributions. Such product 
crystals are displayed in Figure 3.2, together with an illustration for the morphology 
evolution between RD and NC. The ZIF-8 RD crystals are composed of 12 {110} 
facets, while the NC crystals are surrounded by 6 {100} facets. The detailed crystal 
structure for the ZIF-8 can be referred to Figure 3.3. In this sample preparation, we 
adopted the surfactant-modulated approach to adjust the nucleation and crystal 
growth process; therefore, the final particle size can be well controlled. CTAB has 
been reported to be an effective surfactant during the synthesis of nanomaterials,39,40 
and it was also selected as the modulator in our approach. Quite surprisingly, CTAB 
shows the opposite effect during the synthesis of RD and NC crystals, respectively. 
For the RD crystals, we have found that with the increase of CTAB from 0 to 0.5 g, 
the size for the final RD crystals can increase from 40 nm to >1 µm at the same time 
in DMF solvent, as shown in Figure 3.4. However, the size of NC crystals would 
decrease with the increase of the concentration of CTAB during the preparation 
process, as reported previously,41 where the authors attributed the reason to the 
preferred attachment of CTAB molecules on the {100} facets of ZIF-8 in aqueous 
phase; therefore, the CTAB might act as the capping agent during the crystal growth, 
which is helpful to obtain smaller crystals. The same results were also obtained in our 
experiments and the results are reported in Figure 3.5. Meanwhile, it has been known 
that the size of ZIF-8 crystal depends on their initial nucleation rate, which, in turn, is 
dependent on the deprotonation of 2-methylimidazole, according to the theory 
previously described.42 Therefore, we proposed that CTAB might inhibit the 
deprotonation of 2-methylimidazole during the nucleation process of RD crystal 
formation (in DMF solvent), resulting in a lower nucleation rate and a larger crystal 
size. In our general approach, 0.15 g of CTAB was used in order to obtain the RD 
crystals ~70 nm in size, and 0.0036 g of CTAB was used into order to obtain the NC 
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specific exterior plane area for the RD crystals is expected. Therefore, more AuNPs 
could be actually deposited on these crystals despite the smaller surface density of 
Zn2+ ions on their {110} facets. The loading of AuNPs with ZIF-8 can also be 
confirmed by the TGA curves, as shown in Figure 3.10. We can see that for the NC 
and NC@Au, their thermal behaviors were almost the same; the only difference was 
the weight loss after the reaction, and the increased weight left for NC@Au should 
come from the AuNPs, which were thermal stable during the whole TGA analysis. 
For the RD, it took a longer time for the decomposition compared to that of the NC, 
because of a more condensed state for this sample due to the smaller size induced 
aggregation. After the loading of AuNPs, the RD@Au sample was less aggregative 
and became less thermally stable. However, because of the ultra-fine size of AuNPs 
and relatively strong diffractions of ZIF-8, it is difficult for us to observe the XRD 
pattern of Au through XRD technique, which can be concluded from Figure 3.11. 
Nevertheless, the single-layered distribution of AuNPs on the exterior surfaces of 
ZIF-8 crystals can be confirmed directly from TEM images, especially from the 
darker edge for the NC as shown by the arrows in Figure 3.6 (f), which is resulted 
from the image contrast difference due to the presence of the AuNPs on the exterior 
surface of NC, compared with the reversed contrast for the pure ZIF-8 NC in Figure 
3.2 (f). The same conclusion can also be drawn from the elemental mapping reported 
in Figure 3.9. The final NC@Au hybrid nanocomposites (Figure 3.9 (d-f)) were 
prepared from the on-site reduction procedure. We can also see that, before the 
reduction process, most of the Au(I)-MPA supramolecular solids were readily 
anchored on the exterior surfaces of the initial NC crystals (Figure 3.9 (a-c)), through 
the coordination interaction between MPA and Zn2+, as discussed earlier.  
 
  




Table 3.1 CHNS and ICP results with different compositions. 
Sample name C (wt%) H (wt%) N (wt%) Zn (wt%) Au (wt%) 
NC 42.62 4.95 23.67 26.96  - 
RD 42.3 4.6 24.78 27.54  - 
NC@Aua 36.41 4.13 19.39 25.01  Au  10.70  
NC@Au-1a -   -  - 25.06  Au  9.84  
RD@Aub 35.66 3.79 20.09 24.84  Au  13.69  
RD@Au-1b - -  - 23.54  Au  15.31  
RD@Au-2c - -  - 21.14  Au  20.23  
 
Notes:   
(a) CHNS and ICP results for these two NC@Au samples which were prepared 
according to the methods described in the Experimental Section (0.25 mL of Au(I)-
MPA suspension was used): it is acceptable that the Au weight loading for the 
NC@Au is around 10%, considering the experimental deviations. 
(b) CHNS and ICP results for these two RD@Au samples which were prepared 
according to the methods described in the Experimental Section (0.25 mL of Au(I)-
MPA suspension was used): it is acceptable that the Au weight loading for RD@Au 
is around 14 to 15%, considering the experimental deviations.  
(c) ICP results for the RD@Au sample which was prepared according to the methods 
described in the Experimental Section (0.4 mL of Au(I)-MPA suspension was added): 
after the preparation, we observed the reddish color for the reaction solvents, which 
means that free floating AuNPs were also formed in the solvents besides those 
located on the exterior surface of  RD. Therefore, we define the Au loading in this 
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ZIF-8 crystals, and the attractive interaction is quite robust, even after several times 
of washing procedures, and the results are shown in Figure 3.14. We can see that the 
attractive interaction between AuNPs and NC was quite robust, and no individual 
AuNPs outside of the NC could be observed. For the same sample, surface parts of 
the NC crystals were restructured, which might be caused by the repeated ultra-
sonication (Figure 3.14 (d-f)), but the AuNPs were still anchored firmly on the 
exterior surfaces of NC crystals, demonstrating strong coordination interaction. The 
same conclusion can also be drawn from Figure 3.14 (g), with the photographs after 
each washing procedure. For the sample after the preparation and first centrifugation 
(the “0” one), the brown color solvent indicates that there were still some individual 
AuNPs in the solution, which means all the possible sites on the exterior surface of 
NC crystals were fully anchored with AuNPs and no more space for the extra AuNPs. 
In this case, the AuNPs loading reached a maximum. The anchored AuNPs were very 
stable, and no more color could be seen for the following solvents after further 
centrifuging and washing treatments (1st to 6th).  Some comparative experiments 
were also carried out with AuNPs surround by 1-dodecanethiol (DDT), from which 
we conclude that, unlike MPA, alkanethiols that do not possess a carboxylate end 
cannot chelate to Zn2+, and, thus, no uniform loading of AuNPs on ZIF-8 can be 
achieved, as shown in Figure 3.15. In this case, we could hardly see direct attachment 
of individual AuNPs on the exterior surfaces of ZIF-8 NC, and most of the AuNPs 
were aggregated. For the ZIF-8 nominally “capped” with the AuNPs aggregations in 
these images, they should result from simple agglomeration between the 3-
dimentional AuNPs aggregations and the ZIF-8 NC crystals in the solution or during 
the preparation of TEM sample. To the best of our knowledge, this is the first time 
the above two different types of coordination interactions (Type I and Type II, see the 
Introduction) were built within the same MOFs in an effort to incorporate the 
functional nanoparticles to the MOFs. Referring to the MPA structure in Figure 3.1, 
furthermore, we also found that the same type of linkers with longer carbon chain is 
less effective to bring the AuNPs onto ZIF-8 (e.g., 11-mercaptoundecanoic acid 
(MUA, HS(CH2)10CO2H)), and the results are shown in Figure 3.16. We can observe 
that the small AuNPs were attached onto the surface of ZIF-8 NC, especially from the 
magnified images (Figure 3.16 (d-f)).  However, with the longer carbon chain (i.e., 10 
carbon atoms in MUA versus 2 carbon atom in MPA), the attractive van der Waals 
interaction between the carbon chains among the AuNPs became much stronger, and 
it was quite common for the Au(I)-MUA composites to aggregate together, which, 
after the reduction, can be observed as the aggregated AuNPs, which are indicated by 























 (a-f) TEM 


















ons of Au or
r surfaces o
to be ancho







s (1st to 6th
 Ag Nanopa
f ZIF-8 NC




















































































3.3.4 Epitaxial Growth of New ZIF-8 on the Pre-synthesized ZIF-8@Au Hybrid 
Nanocomposites and Further Loading of AuNPs 
The RD@Au and NC@Au hybrid nanocomposites can be further used as cores for 
the epitaxial growth of ZIF-8 shell, while the morphology of the outer part of ZIF-8 
can be selected in either RD or NC morphology. Arising from different geometrical 
combinations, we have achieved four primary types of tiered architectures for this 
binary system—RD@Au@RD, RD@Au@NC, NC@Au@RD, and NC@Au@NC—
and their TEM images are shown in Figure 3.17. Two basic crystal morphologies (RD 
and NC) were also achieved for the outer ZIF-8 through controlling process 
parameters, which actually tune the growth rate for the two types of facets, the {110} 
and {100}, respectively. For example, in order to obtain the RD morphology on the 
NC@Au cores, it is important to inhibit the growth of the {110} facets. On the other 
hand, for the case of NC growing on the RD@Au cores, stabilizing the {100} facets 
becomes important. Previous publications have also described the morphology 
transformation process from RDs to the NCs.41,43 In our present study, the epitaxial 
growth has strictly followed the global crystallographic orientations, and the related 
results can be found from Figure 3.18 to Figure 3.21. After the epitaxial growth of 
additional ZIF-8, therefore, the surface integration of AuNPs has been virtually 
turned into a bulk integration of AuNPs. Compared with previous work,22,24,29,32 the 
AuNPs inside the ZIF-8 crystals in our present case form an ordered single layer, and 
the morphology and size for the AuNPs layer are strictly determined by the 
morphology and size of the pristine ZIF-8 cores. In principle, multilayered gold‒ZIF-
8 nanostructures could be further prepared when this process was repeated. In Figure 
3.22, gives several multilayered hybrid nanostructures arising from this complex 
materials engineering, which are denoted therein as RD@Au@RD@Au (containing 
two parts of ZIF-8 RD and two layers of AuNPs) and RD@Au@RD@Au@RD 
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It has been observed that after loading the AuNPs on the surfaces of ZIF-8, 
aggregation of the neighboring ZIF-8 crystals occurred, which made it more difficult 
to get the monodispersed suspension. We attribute this to the “gluing effect” of MPA 
on the AuNPs. During the loading process, the attractive interaction between the 
neighboring carboxylate groups on the AuNPs localized on different ZIF-8 crystals 
can bring them (ZIF-8 crystals) together. The aggregative crystals then act as new 
cores for the subsequent epitaxial growth, resulting in newly formed ZIF-8 which 
contains several cores, as shown form Figure 3.18 to Figure 22. Nevertheless, the 
aggregation increases overall dimensions of final products and provides us an easier 
way for separation, which could be beneficial for practical applications for reuse of 
these materials.    
It is believed that there are two major factors that are helpful for the epitaxial growth 
of the outer part of ZIF-8 crystals. First, although they were loaded with AuNPs, the 
surfaces of ZIF-8 must still have plenty of uncovered Zn2+ ions that were not bonded 
with MPA. These surface Zn2+ ions can serve as nucleation sites for the continuous 
growth of ZIF-8 with exact crystallographic orientation, and the process can be 
defined as self-epitaxial growth (or simple overgrowth). Another possibility is the 
template effect of MPA adsorbed on the surface of AuNPs. It has been reported that 
the carboxylate groups on the Au {111} surfaces can work as template for the growth 
of COO-based MOFs nanoparticles or the MOFs films.44,45 AuNPs surrounded by 
MUA molecules have also be incorporated into the HKUST-1 nanoparticles (a Type I 
coordination MOFs) during the crystallization process of HKUST-1, arising from the 
Type I coordination interaction between MUA and Cu2+ ions.46 In addition, 
carboxylate-terminated polystyrene microspheres can also act as a template to 
synthesize the polystyrene@ZIF-8 core shell structures, where the carboxylate groups 
on the surface of polystyrene spheres were believed to interact with Zn2+ and initiate 
the growth of ZIF-8 on the surfaces of polystyrene spheres.47 The similar situation 
can be expected in our present cases, since the carboxylate groups of MPA on the 
AuNPs are indeed attractive to the incoming Zn2+ ions. Nevertheless, it should be 
noted that there are possible orientation defects between the MUA or MPA molecules 
on the spherical surface and the cubic crystal network of ZIF-8. This should be the 
main reason why the reported ZIF-8 shells on the polystyrene spheres were composed 
of many small ZIF-8 nanoparticles, instead of the single ZIF-8 nanocrystal.47 The 
similar orientation mismatch between the MPA molecules on the surface of AuNPs 
and the cubic ZIF-8 crystal structures should also exist in our system. Since our 
AuNPs are surrounded by the MPA molecules, there are portions where the 
orientation of MPA molecules can match well with the crystal structure of ZIF-8 for 




the epitaxial growth, where the Zn2+ can both bind with the carboxylate groups on 
AuNPs and the 2-methylimidazole molecules in the crystal network. In comparison to 
this heteronucleation, the self-epitaxial growth must be more dominant for the 
regrowth of ZIF-8, and single-crystal ZIF-8 shells can form on the surface of gold-
ZIF-8 nanocomposites, while the template effects of MPA on the surface of AuNPs 
cannot be entirely ruled out. Considering these two factors, therefore, both epitaxial 
growth and heteronucleation are responsible for the growth of outer portion of ZIF-8 
crystals. This bonding situation involved in this mechanism is also depicted in Figure 
3.1.  
3.3.5 Incorporation of Ag Nanoparticles on the Surface or into the Bulk of ZIF-8 
We have also explored the generality of this approach for integration of other metal 
nanoparticles. Besides the AuNPs, indeed, silver nanoparticles (AgNPs) can also be 
introduced to the same designated crystal planes located either on the exterior 
surfaces or interior part of ZIF-8 crystals, according to the same processes described 
in Figure 3.1; the representative images of such NC@Ag and NC@Ag@RD can be 
seen in Figure 3.23. However, since the reduction of Ag+ to Ag0 is easier than that of 
Au+ to Au0,48 the resultant AgNPs are much larger and less uniform, compared to the 
AuNPs synthesized under the identical experimental conditions. In this regard, a more 
gentle reduction process will be needed in future in order to improve the uniformity 
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embedded into the MIL-101 have also been investigated, and similar catalytic 
properties were observed for the reduction of 4-NP.52 In comparison, therefore, a 
much easier and milder synthesis approach for catalyst preparation has been achieved 
in this work. Finally, as an additional confirmation on the observed catalytic activity, 
the reduction of 4-NP did not take place when no ZIF-8@Au catalyst was added, as 
shown by Figure 3.25 (a). 
3.4 Conclusions 
In summary, we have developed a general approach to integrate ultra-fine noble 
metals (i.e., Au and Ag at particle sizes of 2‒3 nm or 1‒2 nm, respectively) onto 
designated exterior and/or interior crystal planes of ZIF-8 nanocrystals through 
coordinative interaction between the capping surfactants of metal nanoparticles and 
unsaturated surface Zn2+ ions of ZIF-8. The incorporated metal nanoparticles are 
single-layered with a uniform distribution on the desired crystal planes of ZIF-8 (e.g., 
either the {110} or {100} facets). Such surface loaded metal nanoparticles can be 
actually transformed into a bulk phase when additional deposition of ZIF-8 is made. 
By sequentially alternating allocation of metal nanoparticles and epitaxial growth of 
ZIF-8 matrix, we have also prepared a series of ZIF-8@Au hybrid nanocomposites 
with more complex structural and compositional combinations. Furthermore, the ZIF-
8-supported Au nanoparticles have shown excellent catalytic activity over the 
reduction of 4-nitrophenol. In principle, complex architectures of other metal‒MOFs 
nanocomposites can also be designed and fabricated in a similar way using this 
approach.    
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THE ARMORED MOFS: ENFORCING 
MICROPOROUS MOFS NANOCRYSTALS 
WITH MESOPOROUS SILICA 
 
4.1 Introduction 
During the past decades, the rising research interests on the metal‒organic 
frameworks (MOFs) have initiated and given birth to thousands of MOFs with 
various compositions, structures, properties, therefore applications, as discussed in 
Chapter 2.1-4 As a class of hybrid materials formed by bridging metal ions with 
organic linkers, the most apparent properties of MOFs are assigned to their tunable 
surface areas and porosities, which have led to numerous applications in energy, 
environmental and biological fields, etc.5-7 Recently, the newly emerging 
nanotechnology also helps to add novel functionalities and properties to MOFs. In 
particular, the size- and morphology-controlled nanoscaled MOFs and their derived 
nanocomposites (e.g., incorporated with other functional nanoparticles) have opened 
up avenues to design multifunctional materials with attractive application.8-11  
However, concerning so many advantages and applications of MOFs, which is a class 
of soft materials, the major drawbacks and limitations of the MOFs cannot be 
ignored, especially for the nanoscaled MOFs. As a kind of soft materials, the 
stabilities for the MOFs, including the thermal stability, water or humidity resistant 
stability, and mechanical properties, etc., have always been the weaknesses and 
limitations during the application of MOFs or MOFs nanoparticles.1,12,13 The weak 
thermal stability would rule out any application at high temperature, and the reported 
maximum temperature that MOFs can handle is around 550 oC;14 compared with the 
weaker M‒O bond, the M‒N bond is usually much stronger (M stands for the meal 
ion, O stands for oxygen atom and N for nitrogen atom); therefore more stable MOFs 
could be obtained with M‒N coordination, because the thermal stability is mainly 
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determined by the strength of metal‒organic bonds.15 Meanwhile, the moisture 
stability is also another applicability concern for some MOFs16 and many approaches 
have been developed to circumvent it, including the development of nitrogen-bearing 
based MOFs or MOFs based on metals ions with higher coordination numbers, 
together with the postsynthetic modifications of the organic linkers, etc.15,17-20 The 
mechanical properties of MOFs have also been studied, focusing on the mechanical 
properties of MOFs thin films or the micro-sized MOFs; e.g., the elastic modulus and 
hardness for some MOFs have been investigated through the newly developed 
nanoindentaion technique.21-23 However, despite the efforts to synthesize new 
MOFs,24-25 few reports can be observed about how to improve the mechanical 
properties of the pre-synthesized MOFs through the postsynthetic method, especially 
about the MOFs nanoparticles, and neither the hardness of MOFs nanoparticles has 
been defined previously. 
To ensure and extend the applications of MOFs nanoparticles, we herein report a 
general method to improve the stability, especially the mechanical properties (the 
relative hardness and toughness) of MOFs nanoparticles, through the well‒defined 
wet chemistry approach. For the first time, we succeeded to introduce a harder shell 
outside of the MOFs nanoparticles as an enforcing layer, just like the armor on a tank, 
without affecting the intrinsic properties of MOFs nanoparticles. During the process, 
the well‒ordered mesoporous SiO2 (mSiO2) with controlled thickness were coated on 
the exterior surface of MOFs or MOFs@metal nanoparticles, to form the 
MOFs@mSiO2 or MOFs@metal@mSiO2 core‒shell structures. Because mSiO2 has a 
larger pore size than MOFs, chemical reactants or adsorbates can easily penetrate 
through this shell and reach the core MOFs without deteriorating the intrinsic 
properties of MOFs. It should be pointed out that solid-silica (sSiO2) coating on the 
exterior surface of MOFs has been reported previously to improve the MOFs stability 
during the biomedical applications; such sSiO2 coated MOFs cannot preserve the 
pristine microporosity of MOFs for reaction-separation related applications.26-28  
In order to illustrate the generality of this method, MOFs nanoparticles with different 
coordination types and different morphologies were adopted as cores. In particular, 
ZIF-8 nanocubes, ZIF-7 rhombic dodecahedron, UiO-66 octahedron and HKUST-1 
octahedron nanoparticles can be pre-synthesized and coated with mSiO2. These four 
MOFs represent the two main categories of MOFs, N‒M‒N and ‒COO‒M‒OOC‒ 
based, respectively (where M stands for metal ion and N stands for nitrogen atom, C 
for carbon and O for oxygen). Considering the measurement convenience and 
accessibility, the ZIF-8 nanocubes and ZIF-8@mSiO2 core‒shell structures were 
selected as typical examples to illustrate the improvement of the mechanical 
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properties after the coating of mSiO2 shell. The measurement was conducted through 
the AFM nanoindentation, and the results indeed show the significant enhancement of 
the mechanical properties with the well‒ordered mesoporous SiO2 as the protection 
shell.  
At the same time, the application of MOFs were further extended with ultra-fine 
metal nanoparticles (Au, Cu) loaded on the surface of MOFs nanocrystals, and the 
composites can act as catalysts during the reduction of 4-nitrophenol by NaBH4 in 
aqueous phase. Moreover, with the coating of mSiO2 on the MOFs@metal 
nanocomposites, the stability of the obtained MOFs@metal@mSiO2 catalysts have 
been also improved.  
4.2 Experimental Section 
4.2.1 Materials 
The following chemicals were used as received without further purification: 
Zn(NO3)2·6H2O (98%, Sigma‒Aldrich), 2-methylimidazole (2-MeIM, 99%, Aldrich), 
benzimidazole (98%, Aldrich), Cu(NO3)2·3H2O (99.5%, Merck), trimesic acid (95%, 
Aldrich), terephthalic acid (98%, Aldrich), ZrCl4 (≥ 98%, Merck), tetraethyl 
orthosilicate (TEOS, ≥ 99%, Aldrich), acetic acid (100%, Merck), sodium acetate 
(99%, Alfa Aesar), HAuCl4·3H2O (≥ 99.9%, Aldrich), 3-mercaptopropionic acid 
(MPA, 99%, Lancaster), tertrabutylammonium borohydride (R-NBH4, 98%, Sigma‒
Aldrich), hexadecyltrimethylammonium bromide (CTAB, 98%, Aldrich), 
cetytrimethylammonium chloride solution (CTAC, 25 wt % in H2O, Aldrich), 
polyvinylpyrrolidone (PVP K30, MW = 40000, Fluka), 4-nitrophoenol (≥ 99.5%, 
Fluka), sodium borohydride (NaBH4, 99.99%, Sigma‒Aldrich), triethanolamine 
(TEA, 99+%, Acros Organics), N,N-dimethylformamide (DMF, AR, Merck), 
dimethyl sulfoxide (DMSO, 99.5%, Sigma), methanol (AR, Merck). Deionized water 
was collected through the Elga Micromeg Purified Water system. The mica sheet (V-
1 grade) used for the AFM nanoindentation test was bought from SPI Supplies. 
4.2.2 Synthetic Preparation 
ZIF-8 nanocubes, ZIF-8@Au, and ZIF-8@Cu. ZIF-8 nanocubes and ZIF-8@Au 
nanocomposites (through the on-site reduction approach) were synthesized according 
to the same method described in the Chapter 3, which is also contained in our 
previous publication.29 The method was scaled up by mixing 10.0 mL of the ZIF-8 
methanolic suspension and 2.5 mL of Au(I)-MPA methanolic suspension with stirring 
for 2 h initially, then  2.5 mL of 0.5 M R-NBH4 methanolic solution was added. The 
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R-NBH4 methanolic solution was used 30 min after preparation. The mixture was 
further stirred with another 1 h, and the products were collected through centrifuging 
and washing procedure twice, with 20.0 mL of methanol each time. Copper 
nanoparticles (CuNPs) can also be anchored on the exterior surface of ZIF-8 NC 
nanoparticles, using the post-growth method as described before,29 except 
Cu(NO3)2·3H2O was used as precursors for the nanoparticles preparation. The similar 
method was used to scale up the productivity as mentioned above, except the post-
growth method was adopted. After the preparation and washing procedures, ZIF-
8@Au and ZIF-8@Cu nanocomposites were centrifuged and finally dried under 
vacuum overnight. ZIF-8 nanocubes were finally dispersed into 20.0 mL of methanol 
for the TEM analysis and further use. 
UiO-66 octahedron nanoparticles, UiO-66@Au, and UiO-66@Cu. UiO-66 
octahedron nanoparticles were prepared through the approach reported before with 
some modification.30 In detail, 0.0093 g of ZrCl4 was first dissolved into 16.0 mL of 3 
M acetic acid solution in DMF under ultrasonication. Then 4.0 mL of 40 mM 
terephthalic acid solution in DMF was injected into the mixture with stirring for 
another 5 min. The final mixture was transferred into 50 mL of Teflon-lined autoclave 
in an electric oven at 120 oC for 36 h. The products were harvested through 
centrifuging and washing extensively twice, with 20.0 mL of methanol each time. 
Finally the products were dispersed into 20.0 mL of methanol for TEM analysis and 
further use. UiO-66@Au and UiO-66@Cu nanocomposites were prepared according 
to the similar approaches to prepare ZIF-8@Au and ZIF-8@Cu hybrid 
nanocomposites, except UiO-66 methanolic suspension was used initially. Moreover, 
1 h of ultrasonication was needed during the mixing of UiO-66 with Au(I)-MPA 
composites or with Cu nanoparticles, to help to build the coordination bond.  
ZIF-7 rhombic dodecahedron and HKUST-1 octahedron nanoparticles. ZIF-7 
nanoparticles were prepared using the similar approach for the ZIF-8 nanoparticles 
preparation as mentioned in Chapter 3 and our previous publication.29 In detail, 9.6 
mL of 0.070 M Zn(NO3)2·6H2O solution in DMF was mixed with 0.10 g of CTAB 
with stirring for 5 min at room temperature. Then 9.6 mL of 0.43 M benzimidazole 
solution in DMF was added into the above system with stirring for another 5 min. The 
mixture was then transferred into 50 mL of Teflon-lined autoclave in an electric oven 
at 120 oC for 6 h. The products were harvested through centrifuging and washing 
extensively twice, with 20.0 mL of methanol each time. Finally, the products were 
dispersed into 20.0 mL of methanol for TEM analysis and further use. For HKUST-1 
nanoparticles preparation, we firstly prepared the mother solution by dissolving 2.44 
g of Cu(NO3)2·3H2O and 0.58 g of trimesic acid in 5.0 g of DMSO under 
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ultrasonication for 30 min, which was then kept in the electric oven at 65 oC 
overnight.31 Then 1.0 mL of the above mother solution was injected into 10.0 mL of 
methanol containing 0.10 g of PVP with vigorously stirring at 55 oC for 90 min. The 
products were harvested by centrifuging and washing extensively twice, with 10.0 mL 
of methanol each time. Finally the products were dispersed into 10.0 mL of methanol 
for TEM analysis and further use. 
ZIF-8@mSiO2, UiO-66@mSiO2, ZIF-7@mSiO2, HKUST-1@mSiO2, ZIF-
8@metal@mSiO2. All the MOFs mentioned above and the typical MOFs@metal 
(ZIF-8@Au and ZIF-8@Cu) nanocomposites can be used as cores to prepare the 
‘armored’ structures with the mSiO2 coating. For a typical procedure, taking ZIF-8 
nanoparticles for example, 5.0 mL of ZIF-8 methanolic suspension prepared above 
was mixed with the solution containing 33.0 mL of H2O, 21.0 mL of methanol, and 
0.25 g of 2-MeIM. The mixture was then transferred into the ultrasonication bath for 
5 min, followed by the injection of 0.55 mL of CTAC aqueous solution with stirring 
for 20 min. Then 0.40 mL of TEOS was added into the above mixture dropwise 
within 3 min. The whole mixture was stirred continuously for another 1 h. Finally, the 
products were harvested through centrifuging and washing extensively three times, 
with 40.0 mL of methanol each time, and then dried under vacuum overnight.  
Ethanol can also be used as the alcohol for the hydrolysis of TEOS, and it plays an 
important role during the thickness control of the mSiO2 shell. In this case, ZIF-8 
nanoparticles were firstly dried and calcined under N2 at 100 oC for 4 h. Then 20.0 ‒ 
50.0 mg of ZIF-8 nanoparticles were dispersed into the mixture containing 33.0 mL 
of H2O, 20.0 mL of ethanol, and 0.25 g of 2-MeIM. The other conditions were exactly 
like the procedures described above for the methanol case, except the reaction time 
was 2 h here. To remove the soft template existed in the mSiO2 channels, the final 
dried products were calcined under N2 flow at 250 oC for 7 h, with flow rate at 50.0 
mL min‒1. The similar procedures (where methanol was used as the alcohol) can be 
adopted for the synthesis of UiO-66@mSiO2, ZIF-7@mSiO2, HKUST-1@mSiO2 
hybrid nanostructures by using related MOFs precursors. The amounts of the UiO-66 
and HKUST-1 methanolic suspension precursors were 20.0 and 10.0 mL, 
respectively, for the typical synthesis procedure. For the HKUST-1@mSiO2 case, 
sodium acetate was used to replace 2-MeIM during the mSiO2 coating. The ZIF-
8@Au@mSiO2 and ZIF-8@Cu@mSiO2 nanocomposites were also prepared 
according to the similar approach, with 20.0 mg of precursor nanoparticles as cores 
initially and methanol as alcohol. The reaction time was 1 h. Before the coating of 
mSiO2 layer, the ZIF-8@Au and ZIF-8@Cu nanocomposites were firstly calcined 
under N2 flow at 250 oC for 7 h, with flow rate at 50.0 mL min‒1, which was aimed to 
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improve their stability during the coating process. 
Regrowth of ZIF-8 into calcined ZIF-8@mSiO2 to form ZIF-8@mSiO2@ZIF-8 
nanocomposites. 10.0 mg of the calcined ZIF-8@mSiO2 nanocomposites were first 
dispersed into 10.0 mL of 0.548 M 2-MeIM aqueous solution, with ultrasonication for 
10 min. Then 6.0 mL of 0.0168 M Zn(NO3)2·6H2O aqueous solution was injected into 
the above mixture with stirring for the time ranging 10 ‒ 45 min. The products were 
firstly centrifuged and washed with 16.0 mL of H2O, then centrifuged and washed 
with 16.0 mL of methanol twice. The products were finally dispersed into 10.0 mL of 
methanol for TEM analysis and further use. The structures obtained were defined as 
ZIF-8@mSiO2@ZIF-8. 
4.2.3 Catalytic Reduction of 4-Nitrophenol 
The catalytic property of MOFs@metal@mSiO2 nanocomposites were examined 
through the reduction of 4-nitrophenol by NaBH4 in aqueous phase.  The similar 
approach was adopted as mentioned in Chapter 3. In detail, the 
MOFs@metal@mSiO2 nanocomposites were all first calcined in N2 flow at 250 oC 
for 7 h before use. 0.47 mL of 1.3 M NaBH4 was mixed with 3.08 mL of 0.125 mM 
4-nitrophenol aqueous solution, and the solution immediately changed from colorless 
to bright yellow. Then 0.20 mL of 0.40 mg mL–1 ZIF-8@Au@mSiO2 or ZIF-
8@Cu@mSiO2 suspension in water was added into the system with stirring for 5 s. 
The mixture was immediately transferred into a quartz cell for UV-Vis measurement. 
UV-Vis absorption spectra were recorded in the range of 200 to 600 nm to monitor 
the changes of the reaction mixtures. 
4.2.4 Hardness Measurement through AFM Nanoindentation 
Three kinds of nanostructures were measured to identify the change of their hardness, 
including ZIF-8 nanocubes, ZIF-8@mSiO2 (after calcination) and ZIF-
8@mSiO2@ZIF-8. Before the measurement, both the ZIF-8 nanocubes and the ZIF-
8@mSiO2 nanoparticles were firstly calcined under N2 flow at 250 oC for 7h, with 
flow rate at 50 mL min‒1. To prepare the test sample, 10.0 mg of ZIF-8 nanocubes or 
ZIF-8@mSiO2 nanoparticles was first dispersed into 4.0 mL of methanol containing 
0.05 g of PVP through ultrasonication for 10 min. Then the mixture was stirred 
vigorously for another 2 h, in order to improve the monodispersity of the 
nanoparticles. The products was then centrifuged and washed twice by 4.0 mL of 
methanol three times, and finally dispersed into 4.0 mL of methanol. Then 0.10 mL of 
final suspension was diluted to 4.0 mL of methanol, with ultrasonication for 10 min to 
get better monodispersity. The final suspension was then dropped onto the surface of 
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mica sheet with one or two droplets, dried and kept inside the vacuum desiccator for 
the measurement. The ZIF-8@mSiO2@ZIF-8 test sample was prepared starting by 
mixing 4.0 mL of the above ZIF-8@mSiO2@ZIF-8 methanolic suspension with 0.05 
g of PVP, while keeping the other conditions unchanged. During the measurement, 
trigger threshold 160 ‒ 470 mV was adopted for different samples, and the 
indentation were imaged through the AFM mode using the same tip. The force-
displacement curves were also recorded during the indentation process.  
4.2.5 Materials Characterizations 
The crystallographic information of the prepared samples was collected through the 
powder X-ray diffraction (XRD, Bruker D8 Advance, Cu Kα radiation, λ = 1.5406 
Å). Morphological and compositional investigations were carried out with the field-
emission scanning electron microscopy ((FESEM) (JEOL, Model JSM-6700F), and 
transmission electron microscopy (TEM) (JEOL, Model JEM-2010, 200 kV). 
Elemental mapping was conducted on the EDX microanalysis (EDX/JEM-2100F, 
200 kV). Specific surface areas of tested samples were determined using N2 
adsorption‒desorption isotherms at 77 K (Quantachrome NOVA-3000 system) with 
Brunauer‒Emmett‒Teller (BET) method, and the pore size distribution was 
determined by the NLDFT equilibrium method using the data of desorption branch. 
Prior to the BET measurements, the samples were calcined at 250 oC under N2 flow 
for 7 h. Atomic Force Microscope (AFM) nanoindentation was conducted on the 
Bruker Dimension Icon, with the diamond tip PDNISP. The Deflection sensitivity of 
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whole reaction procedure, as depicted in Figure 4.1. The as-synthesized ZIF-8 
nanocubes, either in the solid states or in the methanolic suspension, were first 
dispersed into the reaction mixture (containing either ethanol or methanol as alcohol 
for the hydrolysis of TEOS) for the preparation of silica shell. By controlling the 
hydrolysis parameters, the formed silica preferred to adhere on the exterior surfaces 
of ZIF-8 during the hydrolysis process of TEOS instead of the homogeneous 
nucleation; and in hence the ZIF-8@SiO2 core‒shell structures were obtained. 
Sequentially, thermal treatment of the ZIF-8@SiO2 core‒shell structures were carried 
out in order to remove the soft templates CTAC in the silica channel and to convert 
the gel SiO2 shell to the thermally stabilized mesoporous silica (mSiO2).32 During this 
calcination process, ZIF-8 nanocubes inside of the silica shell were observed to 
partially shrink, due to the heat-induced fusion into the silica shell. As a result, a gap 
was generated between the ZIF-8 core and the mSiO2 shell. Moreover, the gap can 
then be totally refilled with newly formed ZIF-8 again through the regrowth process, 
by dispersing the ZIF-8@mSiO2 into the ZIF-8 mother solution. If longer reaction 
time was conducted, the overgrowth of ZIF-8 can form a new layer of ZIF-8 outside 
of the mSiO2 shell, resulting in more complicated architectures. Following the whole 
reaction process, we were able to obtain the ZIF-8@mSiO2 or ZIF-8@mSiO2@ZIF-8 
architectures with controlled compositions, while maintaining their individual 
microporous/mesoporous properties quite well. The hardness of the generated ZIF-
8@SiO2 that was defined by the AFM nanoindentation has improved significantly, 
compared with the pure ZIF-8 nanocubes. Besides of the pure ZIF-8 nanocubes, the 
ZIF-8@metal nanocomposites which were composed of a single-layered metal 
nanoparticles (Au or Cu) on the exterior surface of ZIF-8 can also be used as cores 
for the mSiO2 coating, as shown by the lower path. To maintain the stability of the 
ZIF-8@metal (Au or Cu) nanocomposites in the synthetic solution of mSiO2, the ZIF-
8@metal nanocomposties were first calcined under N2 before the coating process. 
During the second calcination process, which was aimed to remove the soft templates 
CTAC in the mSiO2 channels, the infusion of ZIF-8 nanoparticles occurred again and 
the AuNPs can now either locate on the inner surface of mSiO2 shell or the exterior 
surface of ZIF-8 nanocubes. Regrowth process can thus be used to refill the gap. The 
ZIF-8@metal@mSiO2 nanostructures can be used as catalysts on the reduction of 4-
nitrophenol by NaBH4 in water, with the improved stability. However, it should be 
noted that the as-synthesized Cu nanoparticles are quite easy to be oxidized in the air, 
and would convert to the Cu2S during the calcination process under N2. During the 
catalytic applications for the reduction of 4-nitrophenol by NaBH4, the Cu2S was 
firstly reduced by the NaBH4, and then the formed Cu0 nanoparticles can act as 
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catalysts. It should be noted that not all the MOFs nanoparticles would shrink during 
the calcination process and the infusion process were only clearly observed for the 
ZIF-8 nanocubes.  
4.3.2 Synthesis and Structural Characterization of MOFs@mSiO2 
Nanostructures 
Figure 4.2 shows the typical results for the two typical as-synthesized MOFs@mSiO2 
core‒shell structures with all the MOFs nanoparticles mentioned above. The 
generality of our approach can be illustrated by adopting MOFs nanoparticles with 
different coordination types and different morphologies, including ZIF-8 nanocubes, 
ZIF-7 rhombic dodecahedron, HKUST-1 octahedron and UiO-66 octahedron 
nanoparticles. The structural characterization of these precursor nanoparticles can be 
referred From Figure 4.3 to Figure 4.7. These four kinds of MOFs nanoparticles 
represent the two main categories of MOFs, N‒M‒N and ‒COO‒M‒OOC‒ based, 
respectively.1-4 Despite of their different coordination types and morphologies, all of 
these four kinds of nanoparticles were well coated with the mSiO2 shell, and all of 
them are shown in Figure 4.2. We can see from Figure 4.2 that the hybrid 
nanostructures show relative uniformly thickness for the mSiO2 shell, with ~60 nm 
for ZIF-8@mSiO2, ~30 nm for UiO-66@mSiO2, ~26 nm for ZIF-7@mSiO2 and 
HKUST-1@mSiO2, respectively, while the morphologies of silica coating are 
determined by the core MOFs nanostructures. At the same time, the MOFs 
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the final pH value can reach up 8.57 with 0.50 g of sodium acetate in the reaction 
solution. Meanwhile, a longer reaction time (3 h) was needed for the silica coating 
compared with other three MOFs, because of the weaker alkaline property and 
therefore the slower hydrolysis rate of TEOS. Based on these results, we can 
conclude that by choosing the appropriate alkalis or the alkali salts which can 
preserve the relative MOFs nanoparticles quite well, the mSiO2 coating can be 
obtained on the surface of MOFs nanoparticles to form the MOFs@mSiO2 core‒shell 
structures.  
Besides the replacement of the alkalis, we have also replaced ethanol with methanol 
in most case for the hydrolysis of TEOS in the water‒alcohol cosolvent system. It has 
been reported that the hydrolysis rate of TEOS in the water‒alcohol cosolvent can be 
affected significantly by using different alcohols.33 With the increase of the carbon 
chain length for the alkyl groups of different alcohols, generally from methanol to n-
butanol, the hydrolysis rate of TEOS would decrease at the same time, leading to the 
larger silica particles because of the lower nucleation rate.33 The fastest hydrolysis of 
TEOS with the presence of methanol has been attributed to the high polarity, high 
hydrogen bonding ability and low viscosity of methanol.34 Recently, it has also been 
proposed and observed that there is an alkoxy groups exchange process between 
TEOS and alcohols, resulting in the formation of some intermediate silicon 
compounds which show different hydrolysis and condensation rate for the formation 
of silica gel.35 Compared with other alcohols, methanol shows the least steric 
hindrance during this alkoxy groups exchange process, leading to the fasted 
nucleation rate of SiO2. To improve the reaction efficiency, it is quite important to 
shorten the reaction time, especially during the industrial application. In our system, 
as our MOFs nanoparticles were initially kept in the methanolic suspension, the use 
of methanol can also provide us better experimental convenience. With the presence 
of methanol, the coating process could be finished within one hour, while no obvious 
coating of SiO2 could be observed using ethanol, as shown in Figure 4.8. If longer 
time for methanol system was adopted, e.g. 2 h, free SiO2 nanoparticles that were 
generated through the homogeneous nucleation could be observed in the products, 
which can also demonstrate the fast reactivity of TEOS with the presence of 
methanol, and the related results are reported in Figure 4.9. However, for the coating 
of silica on the HKUST-1 nanoparticles, as mentioned above, longer reaction time 
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More interestingly, the gap generated can then be refilled through the regrowth 
process of ZIF-8; therefore the solid interior ZIF-8@mSiO2 core‒shell structures 
could be obtained, as shown in Figure 4.11 (e‒h). This regrowth process is quite 
critical for the hardness test defined by the AFM nanoindentation, as the force‒
displacement curve would be affected a lot during the indentation process with the 
presence of a gap between the core and shell part, and therefore the hardness can 
hardly be identified accurately. The regrowth process is quite interesting in our 
system, because the ZIF-8 mother solution (containing both the Zn2+ ions and 2-
MeIM molecules) needed to penetrate the mSiO2 channels into the core part, and then 
nucleated on the exterior surface of pre-existed ZIF-8 nanocubes. In hence, special 
attention should be paid to control the nucleation process of ZIF-8, which in turn 
relays on the concentration of the regrowth mother solution. Too high concentration 
of the mother solution (e.g. twice of the concentration that was used in the 
Experimental Section) would initiate the homogenous nucleation of ZIF-8 out of the 
core-shell structure together with the epitaxial growth of ZIF-8 in the core part. We 
can clearly see that the homogenous nucleation occurred and free ZIF-8 nanoparticles 
can therefore be observed, as shown by the red circles in Figure 4.14. Therefore, 
relative low concentration was needed in necessary to guarantee the epitaxial growth 
of ZIF-8, while avoiding the homogeneous nucleation. After the regrowth process, it 
is probably that the mSiO2 channels have been filled with the tiny ZIF-8 nanocrystals, 
in which case the shell itself is a kind of hybrid composites composed of mSiO2 as the 
scaffold and ZIF-8 nanocrystals as the fillers. This conclusion could be drawn from 
the comparison of the distributions of Zn ions before and after the regrowth process, 
as shown in Figure 4.11 (c‒f) and Figure 4.11 (j‒k). According to the line scan 
profiles, the relative intensity of Zn ions within the mSiO2 compared with that in the 
core part has increased after the regrowth process, and the details can be seen in 
Figure 4.13, indicating possible presence of tiny ZIF-8 nanocrystals inside the mSiO2 
shell. More interestingly, if the regrowth process were conducted for a longer time, e. 
g. 45 min, structures with more complicated architectures containing three layers 
could be observed, including the core ZIF-8, the mSiO2 shell and the other ZIF-8 shell 
out of mSiO2, forming the ZIF-8@mSiO2@ZIF-8 core-shell-shell structures, and the 
results are reported in Figure 4.11 (g). The line scan profile in Figure 4.11 (h) and the 
elemental mappings in Figure 4.11 (l) further confirmed the compositions of the outer 
shell. Despite of the overgrowth case, the hybrid compositions of the shell structures 
might act an important role for the improvement of the mechanical properties, based 
on the view of materials science and engineering,36 and the test results really 
confirmed the enhancement of the hardness after the coating of mSiO2, and that will 
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be discussed later. Large-scaled TEM images and corresponding elemental mappings 
are reported in Figure 4.12. However, the infusion process during the calcination was 
only observed clearly for ZIF-8, and for the UiO-66@mSiO2 and ZIF-7@mSiO2 
nanostructures, no clearly gap was observed during the calcination. The 
representative TEM images and XRD patterns are reported in Figure 4.15 and 4.16, 
respectively. However, during the calcination process, there might be some 
decomposition for HKUST-1 nanocrystals, and the relative intensity of the 
characterization XRD peaks for HKUST-1 after calcination has reduced significantly, 
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microporous ZIF-8 (11.6 Å) cannot be well measured and determined. The pure 
mSiO2 (Figure 4.18 (g,h)) shows the type IV isotherm with the faded H4 hysteresis 
loop, indicating the presence of mesoporous with uniform small diameter, which is 
around 35 Å as reflected in Figure 4.18 (i).38 However, a kind of mixed isotherm can 
be observed for the ZIF-8@mSiO2 nanostructures (after calcination, as shown in 
Figure 4.18 (d,e)), shown in Figure 4.18 (f). In this case, both the mesoporous SiO2 
and the microporous ZIF-8 are effective for the N2 adsorption‒desorption process, 
and therefore the isotherm can be assigned as a non-classical type IV curve. The 
relative weak steep increase for the N2 uptake at low relative pressure (below 0.1) 
reveals the microporosity for the products, while the hysteresis loop confirms the 
mesoporous property. It has been noted that the hysteresis loop for the ZIF-8@mSiO2 
is more obvious than that for the pure mSiO2, and the phenomenon should be 
attributed to the presence of the gap after the calcination process. For the ZIF-
8@mSiO2 nanostructures, the pore size located at 35 Å was also well defined, 
indicating the mesoporous property of the silica shell, which can also be observed 
from the TEM images as shown in Figure 4.2 (c). The specific BET surface areas 
decreased slightly after the coating of mSiO2, and the measured values are 1500 m2 g–
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MOFs hybrid nanostructures, were well confirmed according to the test results. AFM 
nanoindentation is quite useful for measuring mechanical properties of materials on a 
nanometer scale using a diamond tip mounted to a metal foil cantilever, and the 
indentation can be directly imaged after the indentation process.39 The apex of the tip 
is the corner of a cube with a tip radius ~25 nm; therefore a triangle notch could be 
observed on the sample surface, which can be imaged by AFM after the indentation 
process using the same tip.  Three representative nanostructures were tested to 
compare or measure their relative hardness, including the pure ZIF-8, ZIF-8@mSiO2 
(after calcination) and ZIF-8@mSiO2@ZIF-8 (without the ZIF-8 shell out of mSiO2), 
as shown in Figure 4.20. And the related AFM nanoindentation models are reported in 
Figure 4.21 (a‒c). Several approaches can be adopted to determine or measure the 
relative hardness. The first one, which is also the most obvious method that can be 
visualized directly on the sample surface, is based on the comparison of different 
projected areas (or the areas for the triangle notches). As mentioned above, the 
indentation can be imaged through the AFM model after the indentation was 
performed. In this case, the projected areas generated under the same indentation 
force for different materials can be used as the judgment to compare the hardness of 
them, which reflected the resistance of different nanostructures to the indentation 
force. As reported in Figure 4.21 (d‒e), with the same indentation force at 8.02 µN, it 
is quite obvious to see that the pure ZIF-8 showed the largest projected area, and the 
ZIF-8@mSiO2 showed the medium one, with the smallest projected area for sample 
ZIF-8@mSiO2@ZIF-8; therefore, the hardness for each material should be on the 
reversed sequence, with the highest hardness for the ZIF-8@mSiO2@ZIF-8 and the 
pure ZIF-8 should be the softest material among them. Moreover, the projected areas 
can be well measured and calculated through the AFM software with some correction 
methods, and the calculation process is illustrated in Figure 4.22 and Figure 4.23. The 
average projected areas for different nanostructures can be seen in the Table 4.1. The 
results can therefore be used to calculate the relative hardness for each material under 
certain indentation force, based on the equation HA=F/A (HA is the hardness, F 
represents the indentation force, and A is the projected area).39-41 As the values for the 
calculated hardness can be varied with different indentation forces or different 
penetration depth during the indentation process,39 we therefore kept the same 
indentation force for the different test nanostructures for the credible comparison. The 
average calculated results are shown in Figure 4.20g with the indentation force at 
8.02 µN. The hardness for pure ZIF-8, ZIF-8@mSiO2 and ZIF-8@mSiO2@ZIF-8 is 
560 MPa, 1150 MPa, and 1620 MPa, respectively. As far as we know, this is the first 
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ܪ஺ ൌ ܨܣ 
Where F is the indentation force, and A is the project area defines above. F can be 
defined as: 
	
ܨ ൌ ܦ݂݈݁݁ܿݐ݅݋݊	ݏ݁݊ݏ݅ݐ݅ݒ݅ݐݕ	 ൈ ܵ݌ݎ݅݊݃	ܿ݋݊ݏݐܽ݊ݐ ൈ ܶݎ݅݃݃݁ݎ	ݐ݄ݎ݁ݏ݄݋݈݀	
	
The Deflection sensitivity for the cantilever is 221 nm volt‒1, and Spring constant is 
227 N m‒1, introduced before. Therefore by adjusting the Trigger threshold (160 mV 
‒ 480 mV), the indentation force can be well controlled.  
	
Meanwhile, the improvement of the hardness can also be verified from the force‒
displacement curves of different nanostructures, as shown in Figure 4.21 (h), and all 
the plots were obtained under the same indentation force at 8.02 µN. Several 
conclusions could be drawn from these plots. Firstly, the slope for the force lading 
curve increases accordingly for the pure ZIF-8 nanocubes, ZIF-8@mSiO2 (after 
calcination), and ZIF-8@mSiO2@ZIF-8. The larger slope of the force loading curve 
corresponds with the larger resistance of the test materials to the indentation force, 
which on other hand can demonstrate the higher relative hardness of this material. 
Secondly, the total penetration depth of these three nanostructures under the same 
indentation force is observed to decrease accordingly from pure ZIF-8 nanocubes to 
ZIF-8@mSiO2 (after calcination), and finally to ZIF-8@mSiO2@ZIF-8. As reported 
in the Figure 4.21 (h), the maximum penetration depth for the pure ZIF-8 nanocubes 
with the indentation force at 8.02 µN can reach up to 87 nm, while the value for ZIF-
8@mSiO2 (after calcination) and ZIF-8@mSiO2@ZIF-8 is 80 nm and 57 nm, 
respectively, which can be defined by the Z displacement at the maximum indentation 
force. Accordingly, the results can also demonstrate the different resistance to the 
identical indentation force and therefore the hardness for each material. These 
conclusions also correlate quite well with the measured projected areas and the 
calculated. Another point that can also illustrate the difference of the hardness is the 
final depth left for the triangle notch after the total removal of indentation force, 
which can be defined as the plastic deformation region under certain indentation 
force. The maximum indentation depth mentioned above contains both the elastic and 
plastic deformation regions, where the elastic part can be defined by the force 
unloading region of the curve with the steep slope, and the plastic deformation can be 
identified by the intersection point between the unloading curve and the X axis 
(where F switches to 0). It can be seen form Figure 4.21 (h) that the final depth of the 
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notch left for the pure ZIF-8 nanocubes, ZIF-8@mSiO2 (after calcination), and ZIF-
8@mSiO2@ZIF-8 is 32 nm, 18 nm, and 10 nm, respectively, which is also a judgment 
of the hardness for each material. Quite interestingly, it is quite often to observe a 
turning point of the force loading curve of ZIF-8@mSiO2 (after calcination), which 
means that there is some variety for the slope of the loading curve before and after 
this fluctuation point, as shown in Figure 4.21 (h). This phenomenon should be 
attributed to the existence of the gap between the core and shell part that was 
generated during the calcination process. During the indentation process, the core 
ZIF-8 might slide slightly inside the mSiO2 shell under the indentation force, because 
of the non-close contact between the core and shell part; and thereby the slope would 
change of for the force loading curve. This turning point can be observed for most 
ZIF-8@mSiO2 (after calcination) nanoparticles that were measured under AFM 
nanoindentation, indicating the common presence of the gap, just as reflected by the 
TEM images shown in Figure 4.20 (c‒d). 
At the same time, the yield point of the each material was also measured to 
demonstrate the hardness as well as the toughness enhancement. The yield point here 
is defined as the maximum force applied to the material without causing the breakage 
or the crush of the test nanoparticles. This point can be both determined from the 
image captured after the indentation or from the abnormal force‒displacement curve 
obtained. As shown in the Figure 4.24, a crack or the crush of the nanoparticles can 
be observed after the indentation if the indentation force was too large. From the view 
of the force‒displacement plot, we can clearly see a significant fluctuation point for 
the loading curve, if the breakage or crush occurred. The red arrows in the AFM 
images show the location of the cracks after the indentation. It is noted that a collapse 
could be observed for the ZIF-8@mSiO2 (after calcination), as shown by the black 
arrow in Figure 4.24 (c), which might be attributed to the presence of the gap between 
the mSiO2 shell and ZIF-8 core. For the ZIF-8@mSiO2@ZIF-8, it can be seen that 
even the crack occurred, no other obvious morphology change could be observed, 
compared with that for the pure ZIF-8 and ZIF-8@mSiO2 (after calcination), 
therefore no much affect could be observed for the force‒displacement curve. The 
measured yield point for each material was localized around 8.5 µN, 13.5 µN, and 
24.0 µN, for the pure ZIF-8, ZIF-8@mSiO2 (after calcination), and ZIF-
8@mSiO2@ZIF-8, respectively. At the same time, on the other view of point, the 
relative toughness can also be compared among these materials, which can be defined 
by the maximum plastic deformation before the material crush. From the Figure 4.21 
(i), we can see both the maximum elastic deformation and the maximum plastic 
deformation (as defined above) have increased a lot for the ZIF-8@mSiO2@ZIF-8, 
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compared with the pure ZIF-8 nanoparticles. The enhanced toughness can also be 
confirmed with the force‒displacement curves for the ZIF-8@mSiO2@ZIF-8 with the 
increase of the indentation force until to the yield point, and the results can be 
referred in Figure 4.25. The increased depth of the indentation can illustrate the 
increase of the toughness of the hybrid nanostructure. Based on those points 
described above, we can conclude that with the help of the mesoporous SiO2 coating 
on the surface of ZIF-8 nanocubes, both the hardness and the toughness of the ZIF-8 
nanocubes have been improved a lot, and in hence we define these newly formed 
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catalytic performance for the ZIF-8@metal@mSiO2 is not as good as that for the ZIF-
8@Au catalysts reported in Chapter 3, because of the presence of mSiO2 layer, which 
caused a longer penetration time for the reactants to reach to the surface of metal 
nanoparticles. However, the stability of the ZIF-8@metal@mSiO2 catalysts has been 
improved, with the protection of the mSiO2 layer, and the related TEM images are 
shown in Figure 4.33. We can see the catalysts were relative more stable, compared 
with the MOFs@metal without the SiO2 coating, and thus the catalysts can be easily 
separated and recycled. One interesting phenomenon was observed that the longer 
induction time was needed for the ZIF-8@Cu2S@mSiO2 nanocomposites for the 
reaction, as observed from Figure 4.31b, which indicates the reduction process of 
Cu2S to Cu0 byNaBH4 at the beginning, followed by the reduction process of 4-
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different nanostructures. The thickness of mSiO2 layer can be easily controlled by 
adjusting the initial amount of MOFs. At the same time, the ‘armored MOFs’ can be 
further functionalized by loading ultra-fine metal nanoparticle on the surface of 
MOFs nanocrystals, which has extended the applications of the hybrid structures. The 
catalytic properties of our products on the reduction of 4-nitrophenol by NaBH4 have 
been examined with quite good performance. At the same time, the stability of the 
catalysts has also been examined to be improved a lot with the presence of mSiO2 
shell, compared with bared MOFs@metal nanocomposites. To sum up, this new 
approach allowed us to successfully prepare the MOFs@mSiO2 or 
MOFs@metal@mSiO2 core‒shell nanocomposites, with different porosity for the 
inner and exterior materials, respectively; meanwhile, the stability of MOFs or 
MOFs@metal nanocomposites have been significantly improved. We believe that this 
approach would open a totally new path for the design of multifunctional materials.  
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INTERFACIAL SYNTHESIS OF ZIF-8@AU 
HYBRID THIN FILMS THROUGH THE 
WELL-CONTROLLED LOCALIZATION AND 
GROWTH OF AU AND ZIF-8 THIN FILMS 
 
5.1 Introduction 
Synthesis or self-assembly of nanoparticles or thin films at the liquid-liquid interface 
has attracted a lot of research interest in the past decades, as the liquid-liquid interface 
can play as an controllable template or scaffold during the synthesis process. To date, 
many approaches have been developed and reported to prepare nanocrystal thin films 
at the water/oil interfaces.1-14 The first typical method is to form the Pickering 
emulsions through the addition of oil/aqueous droplets to the pre-synthesized 
nanoparticles aqueous/oil suspensions, respectively. As a result, nanoparticles would 
assemble at the surface of the spherical oil/water droplets, forming monolayer or 
multilayers of nanoparticles due to the reduction in interfacial energy.1,2 The other 
way is achieved by changing the surface charge density of pre-synthesized 
nanoparticles in aqueous phase, to induce the aggregation of nanoparticles at the 
water/oil interface, e.g., the addition of ethanol or acid/alkali could vary the surface 
charge density of gold nanoparticles and promote the interfacial aggregation at the 
water/oil interface.3-8 Meanwhile, another common way is to provide the relative 
components or reactants, or reaction catalysts from the different phases, and therefore 
the reaction could be controlled at the interface, resulting in the products located at 
the interface meanwhile. For example, metal-organic compounds in organic layer 
could be reduced/sulfided/oxidized by related reagents in aqueous layer, thus forming 
the nanocrystalline films at the interface.9-11 At the same time, controlled ligand 
exchange has also been widely used to modify the hydrophobicity/hydrophilicity of 




the nanoparticles, thus nanoparticles could be extracted from the original solvent to 
assemble at water/oil interface to form the monolayer assembly after the surface 
modification.12-14 The common feature for the above mentioned methods is only the 
aggregation or formation of nanoparticles at the interface to obtain random or ordered 
two-dimensional (2-D) or three-dimensional (3-D) structures, without any growth or 
crystal linkage/attachment among the floating nanoparticles. Meanwhile, these 
methods usually care about the interfacial products with single component, while two 
or more components have been hardly reported. 
As the new emerging materials with tailorable porosities and surface areas, research 
on the synthetic approaches for MOFs has attracted enormous research interest.15-17 
Many interesting approaches have been reported to prepare or locate MOFs nano- or 
microparticles in very interesting ways. For example, self-assembly approach has 
recently been introduced into the system of MOFs nano- or microcrystals, resulting 
into well-ordered 2-D or 3-D architectures;18-20 MOF-5 crystals can be located on 
desirable positions through the preferred nucleation on the pre-located nucleation 
seeds.21 At the same time, MOFs thin films or patterns can be synthesized on the 
surface-modified templates.22 Recently, Vos et al reported an interesting approach to 
prepare the MOFs thin films or hollow microcapsules at the interface of two 
immiscible phases.23 The method was achieved by separately providing the reactants 
in two immiscible phases respectively and inducing the nucleation at the interface; 
therefore the homogeneous nucleation which is quite common in the single phase 
synthesis can be completely avoided. The as-synthesized MOFs thin film or 
microcapsules may play interesting roles as separation membrane or microreactors. 
Furthermore, there are also many reports about the incorporation of other functional 
nanoparticles with MOFs, which has been well-discussed in the previous chapters; 
and the integration methods are quite essential in order to get desired architectures 
based on MOFs nano- or microcrystals. 
Herein, for the first time, we succeeded to combine the above two research fields 
together, including the synthesis of 2-D Au nanowires (AuNWs) at the water/oil 
interface, followed by the synthesis of MOFs thin films based on the 2-D AuNWs as 
templates. As a result, Au-MOFs hybrid thin films can be obtained at the interface. 2-
D AuNWs were prepared firstly through the self-assembly of monodispersed Au 
nanoparticles (AuNPs) from organic phase to water/oil interface, induced by the 
partially ligand-exchange on the surface of AuNPs. Oriented attachment was 
achieved among the floating AuNPs located at the interface to form 2-D AuNWs. It 
has already been well demonstrated that ultra-thin single-crystalline AuNWs can be 
synthesized through the oriented attachment of AuNPs in the single oil phase;24 and 




the self-assembly of AuNPs at the interface has also been widely reported, especially 
through the surface charge modification approach.3-8 However, no report can be seen 
towards the oriented attachment of AuNPs at the interface, which is the first trial in 
our system. More interestingly, this thin film can be used as templates to obtain ZIF-
8@Au hybrid thin films at the interface, die to the coordination interaction between 
the surfactants of the AuNPs at the interface and the Zn2+ ions in the aqueous phase, 
while the similar mechanism has been discussed in previous chapters. The 11-
Mercaptoundecanoic acids (MUA) on the surface of AuNWs contain carboxyl groups 
which can bind with the Zn2+ ions and therefore can initialize the nucleation of ZIF-8 
thin films. 
5.2 Experimental Section 
5.2.1 Materials 
The following chemicals were used as received without further purification: 
HAuCl4·3H2O (≥ 99.9%, Aldrich), 1-dodecanethiol (DDT, ≥ 98%, Sigma‒Aldrich), 
tetra-n-octylammonium bromide (TOAB, 98+%, Alfa Aesar), 11-
mercaptoundecanoic acid (MUA, 95%, Sigma‒Aldrich), sodium borohydride 
(NaBH4, 99.99%, Sigma‒Aldrich), hydrochloric acid (HCl, ACS reagent, 37%, 
Sigma‒Aldrich), potassium hydroxide (KOH, GR, Merck), Zn(NO3)2·6H2O (98%, 
Sigma‒Aldrich), 2-methylimidazole (2-MeIM, 99%, Aldrich), cyclohexane (ACS 
Regent, Merck), toluene (ACS Reagent 100.0%, J. T. Baker), ethanol (AR grade, 
Fisher), 1-octanol (99%, Alfa Aesar). Deionized water was collected through the Elga 
Micromeg Purified Water system. 
5.2.2 Synthetic Preparation 
AuNPs. DDT-surrounded AuNPs were prepared through the Brust–Schiffrin method 
with some modifications.25 In detail, 3.0 mL of 0.03 M HAuCl4·3H2O aqueous 
solution was mixed with 3.6 mL of 0.05 M TOAB toluene solution with vigorous 
stirring, followed by the addition of 0.1 mL of 0.03 M DDT in toluene. After stirring 
for 15 min, 2.045 mL of 0.445 M freshly-prepared NaBH4 aqueous solution was 
injected, with stirring for another 30 min. Then the stirring was stopped and two 
layers could be well separated. The top dark red organic phase was transferred into a 
4.0 mL sample vial, with the addition of 0.793 mL of 0.11 M DDT in toluene. The 
mixture was stirred for another 1 h. Finally, the products were transferred into eight 
4.0 mL sample vials, with ~0.5 mL for each vial. Then 3.0 mL of ethanol was added 
into each sample vial, followed by the centrifuging and washing extensively for three 




times, with 3.0 mL of ethanol each time. The finally precipitates were dried in the 
vacuum desiccator. 4.0 mL of toluene was used to disperse the precipitates for TEM 
analysis. 
2-D AuNWs monolayer film. In a typical procedure, the aqueous phase composed of 
25.0 mL of H2O, 33.2 mL of ethanol, 1.5 mL of concentrated HCl, and 1.8 mL of 
0.11 M MUA ethanolic solution was first added into the 100.0 mL culture bottle. 
Meanwhile, the dried AuNPs in each sample vial obtained in the above step was 
dispersed into 200.0 mL of cyclohexane to get the reddish transparent suspension. 
Then 20.0 mL of the obtained suspension was used as the organic phase and laid on 
the top of aqueous phase. Then the culture bottle was sealed well and put into the oil 
bath at 60 oC for 24 h firstly, then 85-90 oC for another 24 h. The condensed darker 
thin film could be observed at the water/oil interface at the end of the reaction. After 
that, a syringe was used to remove most of the cyclohexane on the top layer after the 
bottle was cooled down, and the rest cyclohexane was evaporated naturally inside 
fume hood to leave the Au film floating on the top surface of the aqueous solution. 
The film was then transferred to a copper grid or a glass substrate through the 
classical Langmuir-Blodgett technique for further characterization. Before 
characterization, the copper grid or glass substrate-supported thin film was firstly 
immersed into pure ethanol to remove the excess DDT or MUA molecules.  
ZIF-8@Au hybrid thin film. The hybrid thin film was synthesized based on the 2-D 
AuNWs monolayer film mentioned above as templates, through the approach 
reported by Vos et al. with further modification.23 Prior to the interfacial synthesis, 
both the bottom and top solutions were exchanged or purified. In details, the bottom 
solution was first pumped out with a controlled speed 10 mL min-1, and the Au film 
located at the water/oil interface would be lowered at the same time until most of the 
bottom phase was pumped out. Then 50 mL of water-ethanol (1:1) cosolvent was 
injected into the bottom layer with a controlled speed 10 mL min-1. The extraction 
and injection cycles were conducted for 10 times in order to remove most of the 
original aqueous phase, while the Au film could always be stabilized at the interface. 
Then 50 mL of pure water was used each time instead of the previous cosolvent for 
another 10 cycles. For the top organic phase, 15 mL of pure cyclohexane was used 
each time following the similar extraction/injection cycles for three times, and 5 mL 
of cyclohexane was left finally. At the same time, 0.6 g of Zn(NO3)2·6H2O was 
dissolved into 5 mL of H2O, and 0.06 g of 2-MeIM was dissolved into a cosolvent 
containing 5 mL of cyclohexane and 5 mL of 1-octanol. Then the aqueous phase was 
injected into the bottom layer with gentle stirring to get homogeneous distribution, 
followed by laying the organic precursor on the top layer. The mixture was left 




undisturbed for 2 min before the extraction of most of the top organic layer through 
the syringe, and the thin hybrid film could be observed consisting of the newly 
formed ZIF-8 and pre-existed AuNWs. The film was then transferred to a TEM 
copper grid or a glass substrate through the classical Langmuir-Blodgett technique for 
further characterization. The TEM samples can be directly collected after the 
extraction of top layers (around 3 min after the top injection), or collected 20 min 
latter after the top injection (waiting for another 17 min after the extraction). XRD 
samples were collected on the glass substrate in order to get the thicker films. The 
samples were all dried inside a vacuum desiccator before characterization. 
5.2.3 Materials Characterizations 
The crystallographic information of the prepared samples was collected through the 
powder X-ray diffraction (XRD, Bruker D8 Advance, Cu Kα radiation, λ = 1.5406 
Å). Morphological and compositional investigations were carried out with the 
transmission electron microscopy (TEM) (JEOL, Model JEM-2010, 200 kV) and 
high-resolution TEM (HRTEM, JEM-2100F, 200kv). Surface analysis for samples 
was performed using X-ray photoelectron spectroscopy (XPS, AXIS-HSi, Kratos 
Analytical) with a monochromated Al Kα X-ray source (hν = 1486.71 eV). All 
binding energies were referred to the C 1s peak (284.6 eV) arising from the C‒C 
bonds. 
5.3 Results and Discussion 
5.3.1 Schematic Illustration 
The experimental procedures for the whole reaction process are illustrated in Figure 
5.1 and the reaction models are displayed in Figure 5.2. The pre-synthesized AuNPs 
that were stabilized by the self-assembled monolayers (SAM) of 1-dodecanethiol 
(DDT) were dispersed into cyclohexane to form the monodispersed suspension. With 
the relative low concentration, the AuNPs suspension exhibits a transparent reddish 
color, as illustrated by Figure 5.1 (i1). The initial aqueous phase in the lower layer in 
Figure 5.1 (i1) was consisted of water, ethanol, 11-mercaptoundecanoic acid (MUA), 
and concentrated hydrochloride (HCl). The reddish organic AuNPs suspension was 
first added lightly onto the top of aqueous solution, as shown in Figure 5.2 (a). 
Depending on the Brownian motion, MUA molecules would collide with the AuNPs 
located at/near the interface of water and oil. The collision would lead to the ligand-
exchange around the surface of AuNPs, during which MUA molecules could partially 
take the place of DDT molecules. As a result, this partial ligand-exchange process 




would result in the mixed self-assembled surfactants monolayers on the surface of 
AuNPs, which both included hydrophobic ligands (-CH3 from DDT molecules) as 
well as hydrophilic ligands (-COOH from MUA molecule). The resultant AuNPs 
could thus float stably at the water/oil interface. Due to the aggregation at the 
water/oil interface, the concentration of AuNPs near the interface in the oil phase 
would decrease; hence the concentration distribution of AuNPs in the top layer would 
occur. Based on the diffusion law, the AuNPs in the oil phase with high concentration 
would move to the low concentration region, locating near the water/oil interface. As 
a result, all the AuNPs in the top organic layer can move to the water/oil interface to 
form a monolayer film, as long as enough MUA molecules were present in the 
aqueous solution. Slightly heating can accelerate this process, and a much deeper red 
color was exhibited by this monolayer AuNPs film. The top layer became colorless in 
the end, and the results are illustrated in Figure 5.1 (i2) and Figure 5.2 (b). At the 
same time, the heating condition would promote the Brownian motion of AuNPs at 
the interface, and therefore the collision among AuNPs would be enhanced 
significantly. In some case where the AuNPs can collide along certain orientation 
with sufficient energy to overcome the energy barrier, oriented attachment might 
occur and the two nanoparticles would combine with each other to form a new larger 
particle (nanopeanuts), as illustrated by Figure 5.2 (c). As the process continued to be 
repeated, 2-D AuNWs with relatively high aspect ratio would be formed at the 
water/oil interface in the end, shown by Figure 5.2 (d), which showed a purple color 
(Figure 5.1 (i3)). For the structural characterization, a syringe was used to remove 
most of the top cyclohexane after the reaction has completed (Figure 5.1 (i4)), and the 
rest cyclohexane was then evaporated naturally in the fume hood to leave the 
monolayer AuNWs film floating at the top surface of the aqueous solution, and a 
condensed purple color were shown by the monolayer film (Figure 5.1 (i5)). The 
monolayer film can then be transferred onto the copper grid or glass substrate for 
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float stably at the water/oil interface, according to the mechanism described 
previously.23 At the same time, since the AuNPs were surrounded by the mixed 
surfactants, with the hydrophilic MUA molecules in the aqueous, as shown in Figure 
5.2 (e), the MUA molecules could act the nucleation sites for ZIF-8, as reported in 
previous literatures.22,27 The template effect of MUA surrounded 2-D AuNWs can be 
further confirmed through the further characterization. 
5.3.2 AuNPs and 2-D AuNWs Monolayer Film 
Figure 5.3 shows the representative TEM images of the AuNPs synthesized according 
the Brust–Schiffrin method with some modification,25 together with the size 
distribution. We can observe that the precursor AuNPs showed a quite uniform size 
distribution, with the diameter of 3.35 ± 0.24 nm. At the same time, the as-
synthesized 2-D AuNWs monolayer film was displayed in Figure 5.4. Before the 
TEM check, the copper grid supported Au film was firstly immersed into pure 
ethanol in order to remove the residual DDT left during the evaporation of the 
organic phase. We can also conclude from Figure 5.3 and Figure 5.4 that the diameter 
for most AuNWs is almost in the same order as that of pre-synthesized Au 
nanoparticles, which could demonstrate that the AuNPs just combined with each 
other (or the AuNWs just grew) along certain orientations instead of the random 
linkage, without the increase of diameter. However, even though the collision caused 
by the Brownian motion happened randomly among the nanoparticles, only the 
effective collision (with certain orientation and enough energy) could lead to the 
attachment between two collision AuNPs. As a result, most of the AuNWs show the 
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5.3.3 The Growth Mechanism for AuNWs 
To understand the nanowire growth process, we examined the effects of reaction time 
and reaction temperature to the final products. Figure 5.5 shows the TEM images for 
the samples obtained from various reaction time and temperature. We can see that at 
60 oC, most the Au nanoparticles would transfer from the organic phase to the 
water/oil interface. At the same time, with the increase of the reaction time, no 
obvious change could be observed and few 2-D AuNWs could be formed after 
heating at 60 oC for 24 h (Figure 5.5 (a-d)). With even longer time up to 48 h, the 
population of 2-D AuNWs increased slightly (Figure 5.5 (e)), but the aspect ratio was 
not as good as that shown in Figure 5.4, which was collected after reaction at 60 oC 
for 24 h, followed by heating at 90 oC for another 24 h. In this case, we can conclude 
that at 60 oC, the fusion or the attachment of the AuNPs was not as effective as that 
for the reaction at 90 oC, which illustrated that collision energy provided by the 
Brownian motions at 60 oC was not sufficient to overcome the energy barrier. The 
energy barrier was mainly determined by the binding energy of the surfactants (DDT 
or MUA) with the AuNPs, plus the intermolecular force between the surfactants on 
the neighboring AuNPs. At higher temperature, e.g. 90 oC, more fusion would occur 
and larger aspect ratio for the 2-D AuNWs could be observed, indicating the presence 
of more effective collision. The effect of the reaction temperature demonstrates the 
thermodynamic control for the reaction process. Nevertheless, with longer reaction 
time at 90 oC, e.g. 72 h, as shown in Figure 5.5 (f), we can see that the diameter of the 
formed AuNWs increased significantly, indicating the side attachment of AuNPs, 
arising from the more chances of the effective collision in other directions provided 
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phenomenon could reflect the kinetic process for the whole reaction. Starting from 
the collision and fusion between two neighboring AuNPs, the peanut-like structure 
(labeled as B) would be formed at the beginning. With the time elongated, another 
free AuNPs would come to collide to this nanopeanut, and would attach with it if the 
collision was along certain orientation with enough kinetic energy, forming the 
nanopeanut containing three AuNPs (labeled as C). As this process continued, longer 
Au nanowires could be formed with larger aspect ratio containing more AuNPs. At 
the same time, the parallel collision between the new formed nanostructures might 
occur (e.g. B + B, B + C….), and the whole reaction process could be described as 
following: 
ܣ ൅ ܣ          		ܤ 
ܣ ൅ ܤ				       	ܥ, ܤ ൅ ܤ          	ܦ 
ܣ ൅ ܥ          		ܦ, ܤ ൅ ܥ          	ܧ, ܤ ൅ ܦ            ܨ, ····· 
While A represents the individual AuNP, B means the nanopeanut containing two 
AuNPs, C for the nanopeanut containing three AuNPs, as also reflected in Figure 5.6. 
Theoretically, all of these reactions listed above should exist during the attachment 
process. However, the first column reaction should be the dominate one, due to the 
larger populations of individual AuNP, and the lower chance for the appropriate 
orientation of larger Au nanostructures for the effective collision. Since specific 
facets are necessary for the effective collision, it became harder for the larger Au 
nanostructures to rotate to satisfy the specific orientation; therefore the chance for the 
effective between the larger Au nanostructures should be much lower than that for the 
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case with 5.0 mL of MUA, as displayed in Figure 5.7 (g-j). When too much MUA 
was added, e.g. 10.0 mL, very few AuNWs can be formed after the reaction, and the 
products still maintained the individual AuNPs, as observed from the Figure 5.7 (k-l). 
Therefore, it can be concluded that with more MUA molecules added into the 
aqueous phase, they would inhibit the effective collision among the AuNPs and 
therefore it became more difficult for the fusion or attachment to occur. The same 
conclusion could also be obtained from the products collected after the two stage 
reaction process, as described in the Experimental Section, including the heating at 60 
oC for 24 h followed by 90 oC for 24 h, and the similar results could be seen in Figure 
5.8. We can see that with the fixed amount of AuNPs in the organic phase and less 
MUA (0.5 mL or 1.364 mL) in the aqueous initially, the products contained more 2-D 
AuNWs with larger diameters (caused from side attachment of AuNPs) and fewer 
individual AuNPs (Figure 5.8 (a-d)), compared with the results shown in Figure 5.3, 
in which case more MUA was adopted (1.8 mL). Less MUA present in the aqueous 
phase would not only promote the effective collision therefore the oriented 
attachment along the longitudinal direction, but also the side attachment of AuNPs on 
the AuNWs, while more MUA would inhibit the oriented attachment significantly. 
The conclusion could be further demonstrated if less AuNPs were added at the 
beginning, while keeping the amount of MUA constant. From Figure 5.8 (e-f), we can 
see that little attachment would occur if the initial amount of AuNPs was one fourth 
of that in Figure 5.8 (c-d), indicating the inhibitory effect of more MUA in the 
aqueous phase. However, at the same time, the self-assembly of the AuNPs at the 
water/oil interface could not happen if no MUA was added into the aqueous phase, 
demonstrating the essential role of MUA in the self-assembly of AuNPs at the 
interface. As a result, the amount of MUA should be well controlled in order to get 
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and DDT molecules, as illustrated in Figure 5.2 (a-e). Considering their relative 
structures, MUA molecules containing the carboxyl groups could be easily affected 
by pH values, and therefore the presence of MUA molecules would affect the 
attachment process a lot. While the thiol groups of MUA molecules prefer to adsorb 
on AuNPs by forming Au-S bonds, the state of carboxyl groups of MUA would play 
the dominant role on the collision and fusion of AuNPs, as shown in Figure 5.10 (a). 
In the alkaline solutions, the carboxyl groups of MUA become electrolytically 
dissociated to form the carboxylate anions and therefore the negative potential is 
obtained on the surface of AuNPs, as reflected in Figure 5.10 (b). As a result, the 
AuNPs showing a negative potential would increase the energy barrier for the 
effective collision, leading to few fusion or the attachment and resulting into the 
uniformly dispersed AuNPs at the water/oil interface, corresponding to Figure 5.9 (a-
b). However, in an acidic environment, the electrolytical dissociation of the carboxyl 
is inhibited and the surface of AuNPs is electrostatically neutral; meanwhile, the 
populations of hydrogen bonding between the neighboring MUA molecules would 
increase at the same time. Seen from Figure 5.10 (c) The hydrogen bond between 
MUA molecules on the neighboring AuNPs will attract them together, leading to the 
aggregation of AuNPs and therefore a lower energy barrier for the effective collision, 
therefore it became easier to obtain 2-D AuNWs, as reported in Figure 5.9 (e-h). The 
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of AuNPs. The attachment of AuNPs should be based on the removal of surfactants, 
followed by the interfusion. MUA was necessary to form the floating AuNPs 
monolayer at the water/oil interface. Initially, with the addition of small amount of 
MUA (e.g. 0.5 mL), it was quite easy to form the 2-D AuNWs; and with the increase 
of MUA in the aqueous phase, the aspect ratio of the products would decrease at the 
same time, seen from Figure 5.7 and 5.8. The inhabitation effect of the excess MUA 
molecules on the formation of 2-D AuNWs could be attributed to the additional MUA 
layers as the protection surfactants for the AuNPs besides the pre-existed MUA layers. 
As shown in Figure 5.10 (d), due to the strong hydrogen bonding between the 
neighboring -COOH groups of MUA molecules, the excess MUA molecules would 
form another layers outside of the AuNPs through the hydrogen bonding with the 
MUA molecules on the surface of AuNPs. As a result, a thicker protection layer was 
formed, which would inhibit the effective collisions significantly. Sequentially, it 
becomes harder for the fusion and oriented attachment, therefore the primary 
products are still the individually AuNPs, without significant change on the diameters. 
Accordingly, we can conclude that it is necessary to maintain the acidic environment 
and as well as appropriate amount of MUA in the aqueous phase in order to form the 
2-D AuNWs on the water/oil interface.  
5.3.4 HRTEM Characterization and Oriented Attachment Mechanism  
The oriented attachment process among the AuNPs were examined and confirmed 
through HRTEM characterization. The precursor AuNPs showed mixed shapes 
consisted of both truncated octahedron (TO) and icosahedral multiply twined 
particles (MTP) structures,25,30,31 which can both be observed from HRTEM images in 
Figure 5.11, as well as the corresponding model illustrations by the inserted images. 
The TO nanoparticles are surrounded by six (100) facets and eight (111) facets, as 
highlighted by the black square in Figure 5.11 (e), while the MTP nanoparticles are 
enclosed by twenty (111) facets, highlighted by the red circles in Figure 5.11.30,32,33 
We can observe that most of the AuNPs showed the TO structures, while no more 
than ten percent of the AuNPs belonged to the MTP structures, which showed the 
typical five-fold symmetry, as shown in Figure 5.11 (c). HRTEM images show that 
most of the crystal planes observed are (111) facets, while (200) facets can also be 
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form the nanowires (Figure 5.13 (c,d)). Since most of the AuNPs showed the TO 
structures in our system, our illustration is mainly based on the collision between the 
TO particles. Two main attachments are theoretically exist between the neighboring 
(111) facets for TO particles and they have been well observed, including the perfect 
attachment and twined attachment, as displayed in Figure 5.13 (c-d), respectively. For 
the perfect attachment, the particles would fuse along the same orientation and the 
single crystal lattice could be observed (Figure 5.13 (c)). Nevertheless, the crystal 
lattice orientation would show the symmetry relationship along the fusion (111) facet 
for the twined attachment (Figure 5.13 (d)). These two attachment mechanisms have 
also be described by Halder et al.24 The fusion or attachment mechanism could be 
further confirmed through the HRTEM characterization for the as-obtained AuNWs, 













































s for the p
ustration fo
































































ng the four 
 twined atta








 that most o




















based on the fusion between the neighboring (111) facets of the TO AuNPs. AuNWs 
with various numbers of AuNPs were well explained through the HRTEM images 
and the related model illustrations, as shown in Figure 5.14. At the same time, the 
twinned attachment could also be detected, as show in Figure 5.14 (e,f) and 
highlighted by the red arrows in Figure 5.14 (g,h). The preference of (111) facets as 
the attachment facets were determined by the lower energy barrier on these facets 
compared with that on the (100) facets. As we have mentioned before, the energy 
barrier was mainly determined by the binding energy of the surfactants (DDT or 
MUA) on the specific crystal facet of AuNPs, plus the intermolecular force between 
the surfactants on the neighboring AuNPs. The binding energy of the Au-S bond on 
the (111) facets is smaller than that on the (100) facets, because of the shorter 
bonding distance of Au-S bond on the (100) facets.34 Similar conclusions about the 
difference of bonding energy of amine-Au bond on different crystal facets have also 
been recognized based on the density functional theory (DFT).35 Therefore, with the 
lower binding energy, the fusion of the AuNPs preferred to happen on the (111) 
facets, just as reported in Figure 5.14.  
5.3.5 XPS Surface Characterization  
The XPS spectra for the representative 2-D AuNWs after the two stage reaction are 
displayed in Figure 5.15, from which we could confirm the presence of the mixed 
SAMs containing both MUA and DDT on the products’ surface. The main peak of C 
1s at 284.6 eV can be assigned to the aliphatic hydrocarbon chains from surfactants 
(e.g., DDT, MUA).36-38 The spectra also exhibit C‒OH and/or C‒O‒C species at a BE 
of 286.1 eV, which can be described from a small degree of oxidation for the 
aliphatic hydrocarbons of surfactants.36 The peak at 288.7 eV can be assigned to 
carboxyl carbon (O=C‒O) from MUA.39,40 The main peak of O 1s at 531.9 eV was 
resulted from the carboxyl carbon (O=C‒O) from MUA,36,41 and the BE of 532.4 eV 
is attributed to C‒OH and/or C‒O‒C, resulted from the oxidation of hydrocarbons of 
surfactants.36 The peak of O 1s at 533.2 eV can be assigned to the oxygen species in 
H2O molecules that might be absorbed at the surface of the nanowires. 36,41 The small 
peak of O 1s at 530.7 eV can be assigned to the Au‒O surface species resulting from 
the small degree of charge transfer from the gold to the thiol ends.38,42 The S 2p3/2 and 
2p1/2 peaks show the typical values for the adsorbed thiols on Au at 161.9 eV and 
163.0 eV, and the BE of 168.7 eV and 169.0 eV can also be observed because of the 
significantly reduction of S after the hydrothermal treatment at 90 oC.38,43 Thus it 
might be known that a certain portion of surfactants was oxidized to sulfate ions over 
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interaction between the carboxyl groups-surrounded AuNPs and ZIF-8 has been 
discussed in previous chapters, and this interaction can also be observed in the 
present case. Au nanoparticles or nanowires could initiate the nucleation of ZIF-8 and 
hence these Au nanostructures could be bounded onto the top surface of obtained 
ZIF-8 thin film. Compared with the structures reported by Vos et al., our results are 
highlighted that controlled Au nanostructures (either nanoparticles or 2-D nanowires) 
can be deposited on the MOFs thin films through the effective chemical bonding. 
Moreover, these Au nanostructures only distributed on the top surface of MOFs thin 
films, instead of the surrounded distribution all over the MOFs structures. This kind 
of anisotropic distribution and obtained hybrid thin film may provide many 
interesting applications in the future. 
In order to synthesize ZIF-8 thin films at the interface, it is necessary to replace both 
the bottom and upper solutions before the injection of ZIF-8 precursors. The original 
bottom solution contained excess MUA molecules, which would form the precipitates 
with the addition of Zn2+ ions. In this system, we developed a simple pumped out and 
injection method to replace the bottom solution with pure water through many cycles, 
as shown in Figure 5.1 (a). The upper cyclohexane was also purified with fresh 
cyclohexane for several times, and finally 5 mL of cyclohexane was left. After Zn2+ 
ions were injected into the bottom layer, the cyclohexane/1-octanol solution 
containing 2-MeIM was layered on the top of the pre-existed cyclohexane, and ZIF-8 
thin film can be formed immediately. Figures 5.16‒5.17 show the typical TEM 
images for the hybrid ZIF-8@Au thin films formed at the water/oil interface. From 
these images, we could observe that both the individual AuNPs and 2-D AuNWs can 
be anchored on the top surface of ZIF-8 thin films. The AuNPs were located at the 
interface after the reaction for 60 oC for 24, followed by 85 oC for 24 h. It can be 
noticed that all the Au nanostructures were located with the presence ZIF-8, and no 
free Au nanostructures could be observed beyond the ZIF-8 thin films. It should be 
pointed out that the ZIF-8 thin film can also be formed at the interface even without 
the presence of MUA-capped Au nanostructures, but the confined distribution of Au 
nanostructures within the region of ZIF-8 thin film can well reflect the chemical 
bonding between Au nanostructures and ZIF-8 matrix, through the coordination 
between ‒COOH on the surface of Au and the unsaturated Zn2+ on the surface of ZIF-
8. Therefore the presence of MUA-capped Au nanostructures can contribute to the 
nucleation of ZIF-8 at the interface. The reaction process can be reflected from Figure 
5.17 and Figure 5.18, which show the increased thickness of ZIF-8 film with 
prolonged reaction time from 2 min to 20 min, according to the sample collection 
procedures described in the Experimental Section. As the crystal growth occurred 




randomly at the interface with little control, we cannot observe any featured 
morphology of ZIF-8 nanocrystals, which has been reported in previous chapters. 
Therefore, XRD characterization was conducted to confirm the composition of 
obtained hybrid film. As shown in Figure 5.19, the obtained hybrid thin films can be 
well assigned to pure ZIF-8, while it was hard to observe the characteristic peaks for 
Au because of the ultra-fine size and low quantity.  
However, it should be noted that the pure ZIF-8 thin film could also be synthesized at 
the water/oil interface even without the presence of Au thin films, as reported by Vos 
et al.23 Our method herein is featured by the interface incorporation between the Au 
nanostructures and ZIF-8 thin films through the well-defined chemical bonds, to form 
the anisotropic hybrid structures at the interface. The formation mechanism and 
reaction kinetics in this process are also the main concern in this study besides the 
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effective collision are determined by the binding energy between Au and the 
surfactants, together with the interaction forces between the surfactant molecules on 
the neighboring Au nanoparticles. Then the Au nanoparticles were fused together by 
removing the surfactants on specific crystal facets, during which the perfect 
attachment and the twined attachment could be both observed. After the synthesis of 
the Au nanowires on the interface, both the bottom aqueous phase and top oil phase 
should be replace in order to prepare the ZIF-8 thin film at the interface together with 
the Au nanowires monolayer thin film. The anisotropic distribution of Au 
nanostructures on the top surface only of ZIF-8 might provide many interesting 
applications regarding the catalysis or separation. This approach might be extended to 
prepare other MOFs@Au hybrid thin films at the interface, through building the 
coordination interaction between the Au nanostructures and MOFs surface.  
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Synthetic architectures of nano- or micromaterials with different dimensions, 
including one-, two-, or three-dimensional structures, have become one of the major 
research focuses in the field of chemistry and materials science over the past 
decades.1-5 The low dimensional characteristics and the enormous varieties of the 
nano- or microstructures have promoted many influential applications, including the 
energy conversion, heterogeneous catalysts and chemical sensing, etc.6-10 Recently, 
great efforts have been devoted to the research about the new emerging functional 
materials, metal-organic frameworks (MOFs), because of their attractive properties as 
mentioned in the previous chapters. MOFs show the numerous availabilities on the 
structural and morphological varieties in the nano- or microscales, which have also 
been especially described in Chapter 2. For example, many interesting morphologies 
have been reported for different MOFs nanocrystals, such as the ZIF-8 rhombic 
dodecahedron nanoparticles,11 ZIF-8 nanocubes,12 HKUST-1 octahedron 
nanocrystals,13 [{Cu2(ndc)2(dabco)}n] nanorods,14 and Gd(BDC)1.5(H2O)2 nanorods;15 
MOFs can also be synthesized into hollow structures through many ways, including 
the soft template method,16 chemical etching approach,17 interfacial synthesis at the 
micelle system,18 etc.; selective nucleation of MOFs could also be achieved to form 
the MOFs crystals located on the desirable locations or to form the MOFs thin films 
membranes.19,20 Meanwhile, the self-assembly approach has also been applied into the 
MOFs system; starting from the MOFs nano or mciroparticles with uniform 
morphology and size distribution, researchers have succeed to prepare form many 
fascinating two-dimensional (2-D) or three-dimensional (3-D) structures.21,22 These 
interesting structures meanwhile could permit the MOFs with unique properties and 
further potential applications, such as the bio-imaging and drug delivery, gas 




adsorption and gas separation, sensors, electronic and optoelectronic properties, 
etc.15,23 However, regarding to the free-standing 2-D MOFs nano- or microstructures, 
there is still some challenge, and only limited literatures have been reported,24,25 
which can be referred in section 2.2.3.3 in Chapter 2. 
At the same time, research about the artificial nacres in the field of biomimics and 
biomineralization has also attracted enormous interest.26-29 Nacre, normally found in 
the peals and sea shells, is formed by stacking the single-crystalline calcium 
carbonate tablets with the biopolymers in a well-ordered layer-by-layer way.30 The 
perfect arrangement of calcium carbonate bricks and the presence of biopolymers 
provide the nacre with outstanding mechanical properties.31 In hence, the formation 
mechanism and the biomimetic synthesis of artificial nacres become the hot research 
spots both in the fundamental science and in the design of new materials with 
expectable mechanical performance.26-29 In the view of biomimetic synthesis, 
considerable work has been reported in the selection and preparation of new 2-D 
building blocks as well as in the development of the new synthetic method for the 
‘stacking procedures’. For example, clay nanosheets,28 aluminium oxide plates,32 
graphene or graphene oxide nanosheets,33 and calcium carbonate tablets,34 etc., have 
been utilized as the building blocks for artificial nacres. Meanwhile, various synthetic 
approaches, such as the electrodeposition,35 lay-by-lay deposition,28 dip coating32, 
evaporation or vacuum filtration assisted self-assembly approaches,34 etc., have been 
adopted to stack the building blocks together. With these efforts, artificial nacres 
could be obtained with satisfactory mechanical performance, together with the further 
understanding for the mechanism for such good mechanical properties. 
As described above, complicated architectures using MOFs nano- or microcrystal as 
building blocks have been obtained.21,22 Meanwhile, MOFs-based membranes have 
been synthesized through many approaches, including the in-situ growth on the 
substrate,20,36,37 or the incorporation of MOFs nano- or microcrystals during the 
membrane casting process.38,39 Herein, for the first time, we present a simple method 
to prepare MOFs-based membrane showing the nacreous structures using 2-D ZIF-8 
microplates as building blocks. ZIF-8 microplates show an elongated hexagonal 
morphology, with the length 3-8 µm, width 1-3 µm and thickness 200-400 nm. They 
can be synthesized in a big batch through the three-step reactions, with the precursor-
induced transition way. The reaction starts from the preparation of 2-D precursor 
microplates at room temperature, followed by the solvothermal treatment and the 
regrowth process. These as-synthesized ZIF-8 microplates could be used in wide 
range applications. For example, by incorporating the ultra-fine Au or Cu 
nanoparticles on the exterior surface of 2-D ZIF-8 microplates, the obtained hybrid 




structures might be used as catalysts in some chemical reactions, due to the larger 2-D 
surface area; by the deposition of mesoporous silica shells outside of the 2-D ZIF-8 
microplates, the mechanical properties and the stabilities of the ZIF-8 microplates 
could be enhance significantly, according to the methods and conclusions described 
in Chapter 3. Herein, the 2-D ZIF-8 microplates were also utilized as the building 
blocks for the artificial nacreous films, through the similar approach reported by our 
group previously.34 The nacreous films were prepared through the evaporation-
induced assembly of the mixture containing ZIF-8 microplates and gelatin solution. 
As far as we know, this is the first time for the design and preparation of artificial 
nacres using MOFs as building blocks. Theoretically, 2-D ZIF-8 microplates 
supported with the ultra-fine metal nanoparticles and the ZIF-8 microplates coated 
with mesoporous silica layers could also be adopted for the synthesis of artificial 
nacre and the hypnosis were confirmed for the latter case. The ZIF-8 microplates 
were well arranged during the evaporation process with relative good ‘c-axis’ 
alignment.  
6.2 Experimental Section 
6.2.1 Materials 
The following chemicals were used as received without further purification: 
Zn(NO3)2·6H2O (98%, Sigma‒Aldrich), 2-methylimidazole (2-MeIM, 99%, Aldrich), 
tetraethyl orthosilicate (TEOS, ≥ 99%, Aldrich), HAuCl4·3H2O (≥ 99.9%, Aldrich), 
Cu(NO3)2·3H2O (99.5%, Merck), 3-mercaptopropionic acid (MPA, 99%, Lancaster), 
tertrabutylammonium borohydride (R-NBH4, 98%, Sigma‒Aldrich), 
hexadecyltrimethylammonium bromide (CTAB, 98%, Aldrich), 
cetytrimethylammonium chloride solution (CTAC, 25 wt % in H2O, Aldrich), 
methanol (AR, Fisher). Deionized water was collected through the Elga Micromeg 
Purified Water system.  
6.2.2 Synthetic Preparation 
ZIF-8 precursor microplates (ZIF-8-M-P). 96.0 mL of 0.070 M Zn(NO3)2·6H2O 
aqueous solution was mixed with 0-0.1 mL of 0.1 M CTAB aqueous solution with 
stirring for 5 min at room temperature. Then 96.0 mL of a 0.43 M 2-MeIM aqueous 
solution was added with stirring for another 12 h. The products with the shining white 
colour during the stirring could be observed, indicating the 2-D plate structures. The 
final precipitates were centrifuged and washed by methanol with the equivalent 
volume as the reaction mixture (192.0 mL) twice, and the products obtained were the 




precursors for the further synthesis of ZIF-8 microplates, thus they were named as 
ZIF-8-M-P. Finally, the products were dispersed into the same amount of methanol 
for further use, e.g., TEM check, film preparation and further preparation of the ZIF-8 
microplates. The influence of CTAB was examined based on the reaction containing 
9.6 mL of each precursor solution, while keeping the same concentration as 
mentioned above, with the CTAB varying from 0 to 100.0 µmol. The effect of 2-
MeIM during the formation of ZIF-8-M-P was examined based on the constant same 
concentration of Zn2+ during the process as mentioned above, with the volume for the 
total reaction system 19.2 mL. 0.05-3.0 g 2-MeIM was added respectively without the 
addition of CTAB during the reaction process. 
ZIF-8 microplates (ZIF-8-M). 40.0 mL of the above obtained precursors in 
methanol were first heated in the oil bath with vigorous stirring at 60 oC for 48 h. The 
obtained products were centrifuged and washed with equivalent amount of methanol 
once, and finally dispersed into the same amount of methanol. The products were 
called ZIF-8-M-1. Nevertheless, the precursor methanolic suspension can also be 
transferred into 50 mL of Teflon-lined autoclaves at 60 oC or 80 oC for various time, 
e.g., 6-40 h. The obtained products were named as ZIF-8-M-2. For the regrowth 
process, 10.0 mL of the obtained ZIF-8-M-1 suspension was first mixed with 50.0 
mL of 0.10 M 2-MeIM methanolic solution with stirring for 5 min at room 
temperature. Then 50.0 mL of 0.1 M Zn(NO3)2·6H2O methanolic solution was added 
into the mixture with stirring for another 12-16 h at room temperature. The products 
were centrifuged and washed by 20.0 mL of methanol twice, and finally dispersed 
into 10.0 mL of methanol for further use. The final products obtained here are ZIF-8 
microplates, which we called as ZIF-8-M. The effect of the seeds amount during the 
regrowth process was examined by adding various amount of ZIF-8-M-1suspension 
into the mother solution containing 5.0 mL of 25 mM 2- MeIM methanolic solution 
and 5.0 mL of 25 mM Zn(NO3)2·6H2O methanolic solution. 
ZIF-8-M with ultra-fine Au or Cu nanoparticles. The procedure was similar like 
the one that we have mention in Chapter 3 and 4 for the preparation of ZIF-8@Au or 
ZIF-8@Cu nanocomposites through the post-growth approach. In detail, 0.5 mL of 
the Au(I)-MPA suspension as prepared in Chapter 3 was firstly diluted to 1.0 mL in 
methanol. Then 0.5 mL of 0.5 M R-NBH4 methanolic solution was injected into the 
above mixture. The R-NBH4 solution was used immediately (~5‒10 min) after 
preparation. After stirring for 1 h, 0.5 mL of the above ZIF-8-M methanolic 
suspension was added with stirring for another 1 h. The products were collected 
through centrifuging and washing procedure twice, with 4.0 mL of methanol each 
time. The products were finally dispersed into 4.0 mL of methanol for TEM analysis. 




ZIF-8-M@SiO2. The procedure was the similar as that described in Chapter 4. In 
details, 2.0 mL of ZIF-8-M methanolic suspension prepared above was mixed with 
the solution containing 33.0 mL of H2O, 24.0 mL of methanol, and 0.25 g of 2-
MeIM. The mixture was then transferred into the ultrasonication bath for 5 min, 
followed by the injection of 0.55 mL of CTAC aqueous solution with stirring for 20 
min. Then 0.40 mL of TEOS was added into the above mixture dropwise within 3 
min. The whole mixture was stirred continuously for another 50 min. Finally, the 
products were harvested through centrifuging and washing extensively three times, 
with 20.0 mL of methanol each time, and finally dispersed into 2.0 mL of methanol. 
Nacreous film preparation. 10.0-12.0 mL of the as-obtained suspensions, including 
ZIF-8-M-P, ZIF-8-M, and ZIF-8-M@SiO2, were centrifuged and re-dispersed into 7.0 
mL of methanol and 10.0 mL of deionized water. Meanwhile, 0.50 g gelatin was 
added into 25.0 mL of deionized water, and the mixture was kept at 80 oC for 30 min. 
Then these two mixtures were then mixed together with stirring at room temperature 
(20-23 oC) for 20 min, followed by 6 h of ultrasonication, and 12 h of stirring at room 
temperature again, to ensure that the biomolecules of gelatines had fully adsorbed on 
the surface of the plate structures. The suspension was then kept still for 3-6 h at 
room temperature and some impurities and insufficiently adsorbed microplates would 
sink on the bottom of the containers. Then the homogeneous suspension was drawn 
out from the container with a syringe and centrifuged at 5500 rpm for 3 min to obtain 
microplates wrapped with gelatin. Then 5.0-8.0 mL of the gelatin solution (0.50 g of 
gelatin was dissolved in 7.0 mL of ethanol and 35.0 mL of water) was added to 
disperse the precipitates. The obtained suspension was then degassed first under 
vacuum and then dropped into an alumina dish embed into the Petri dish under 
unltrasonication. The Petri dish was then transferred into the vacuum desiccator (~50 
mbar) and kept still for 24 h at room temperature for evaporation. Then free-standing 
microplates/gelatin films could be easily collected by the simple peeling. 
6.2.3 Materials Characterizations 
The crystallographic information of the prepared samples was collected through the 
powder X-ray diffraction (XRD, Bruker D8 Advance, Cu Kα radiation, λ = 1.5406 Å). 
Morphological and compositional investigations were carried out with the field-
emission scanning electron microscopy ((FESEM) (JEOL, Model JSM-6700F), and 
transmission electron microscopy (TEM) (JEOL, Model JEM-2010, 200 kV). 
Specific surface areas of tested samples were determined using N2 adsorption‒
desorption isotherms at 77 K (Quantachrome NOVA-3000 system) with Brunauer‒




Emmett‒Teller (BET) method. Prior to the BET measurements, the samples were 
degassed at 160 oC under N2 flow for 3 h.  
6.3 Results and Discussion 
6.3.1 Schematic Illustration 
According to the previous reports about the synthesis of MOFs nano- or 
microstructures, most of the methods follow the one-pot synthesis procedures, which 
mean that the metal ions and organic linkers are mixed together in certain solvent (or 
solvents), followed by various treatments to obtain MOFs products.23,40 Herein, we 
report a quite unique approach to synthesis 2-D MOFs microplates through a 
precursor-transition way, which is similar like the crystal preparation through the 
amorphous-transition pathway.41,42 The whole schema can be referred in Figure 6.1. 
Initially, after mixing the Zn(NO3)2·6H2O and 2-MeIM in deionized water with 
specific concentration, we could obtain the 2-D oval-shaped microplates, which act as 
precursors of ZIF-8 and therefore are called ZIF-8-M-P, as shown in Figure 6.1 (a). If 
the microplates precursors were dispersed into methanol and treated inside the 
autoclaves at 60 oC or 80 oC for certain time, ZIF-8 frame-like structures can be 
obtained through the recrystallization process from the original oval-shaped 
microplates, as shown in Figure 6.1 (b). Nevertheless, if the  heating treatment was 
conducted in methanol at 60 oC under the ambient atmosphere for certain time, 2-D 
hexagonal ZIF-8 microstructures with rough surface can be obtained, as shown in 
Figure 6.1 (c,d) with the increase of the reaction time.  They could be further re-filled 
to form the solid by dispersing them into the ZIF-8 mother solution in methanol and 
flat 2-D ZIF-8 microplates can be obtained, which we named as ZIF-8-M, as shown 
in Figure 6.1 (e). The structure illustration of the obtained ZIF-9 microplates is also 
shown in Figure 6.1 (e), demonstrating the hexagonal microstructure is a kind of 





































er the heat tr
, (c,d) recry
ructures wit
























































sed time in 
l microplate
ating that t
 and are com
 ZIF-8. 
 precursor 
ved for the 
ated as the 
n report the 
e. As one o
he nucleatio







































































































































, it should b







e into the Z


















s of ZIF-8 M























we are not a
 works mig
owing the a
aks of pure 
can also ob
for the pro



































































D to NC. S
he aspect ra
ased at the 
tant length. 





















ities to the 
 morpholog
















, it can still 
different cr

















































































to 0.1 g, the 
changed from








 time, the e









to be ZnO 
, e.g. 0.2 g,
Architecture
s showing 
ion for 12 h 







L. We can 
ns for the pr
e to the 2-D
e detailed cr
or Zn(OH)2
 it seemed s





























as seen in F
res for the p
to the Jade 
lates would
ith differen
) 0, (b) 0.5 µ
µmol, (h) 40
 also affect 
ase, we onl
-P, while t
, the crystal 
the amount 












































assemble together to formed the oval shape structures (Figure 6.5 (g,h)). Surprisingly, 
the XRD patterns have shifted significantly (Figure 6.5 (i)), compared for those 
obtained with 0.1 g of 2-MeIM added. As our ZIF-8-M-P described previously were 
prepared with 0.34 g of 2-MeIM added (Figure 6.2 And Figure 6.3), we proposed that 
the assembled oval shape structures would further fused to obtain ZIF-8-M-P, while 
with the crystal structures change at the same time. Further increase of 2-MeIM to 0.5 
g would not cause any morphological and structural change, as seen in Figure 6.5 (j-
l). Continuous increase of 2-MeIM would promote the cross-growth for the 2-D 
microplates, and the thickness would increase at the same time, as shown in Figure 
6.5 (m,n); while the same XRD patterns are still maintained as ZIF-8-M-P (Figure 6.5 
(o)). Significant change could be observed when the amount of 2-MeIm reached up to 
1.25 g, and three-dimensional cross structures could be observed, which were 
composed of the assembly of nanoplate-like structures; meanwhile, the XRD patterns 
seemed to be flattened more closely like the pure ZIF-8 (Figure 6.5 (p-r)). When 1.5 g 
of 2-MeIM was added, pure ZIF-8 XRD patterns can be achieved, while octahedral 
structures were formed, as seen in Figure 6.5 (s-u). The octahedral structures here 
should be the results due to the further growth of the three-dimensional cross 
structures on each exterior surface (eight in total). With even more addition of 2-
MeIM into the system (up to 2.0 g), cubes with truncated edges were obtained, which 
showed more flatted ZIF-8 XRD patterns (Figure 6.5 (v-x)). No obvious structural 
change can be observed when the amount of 2-MeIM reached up to 3.0 g, except 
smaller nanoparticles can be obtained (Figure 6.5 (y-aa)). According to the whole 
procedures, the amount of 2-MeIM added into the system can significantly affect the 
obtained structures, both in the morphology and crystal structure. 2-D ZIF-8-M-P can 
be obtained when the molar ratio of 2-MeIM/Zn was around 6:1 to 9:1 (calculated 
based on the weight of the precursors).When the molar ratio of 2-MeIM/Zn further 
increased to 27:1, pure ZIF-8 showing octahedral morphology could be obtained. 
Further increase of the ratio to 36:1, ZIF-8 cubes with truncated edges can be 
harvested, with further reduced size when more 2-MeIM was added. During the later 
stage when ZIF-8 showed up, besides as the organic linkers, 2-MeIM also acted as 
the surfactant during the crystal growth, therefore smaller size could be obtained 
when more 2-MeIM was added. The structural transition process during the whole 
procedures was quite interesting; however, since the mechanism especially during the 
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at 60 oC with certain time (16 h), the 2-D microplates would dissolve significantly. At 
the same time, 2-D hexagonal structures would form outside the original 2-D 
microplates while keeping the length unchanged, as shown in Figure 6.4 (a-c). 
Elongated solvothermal treatment would continuously consume the core part while 
the hexagonal part would grow towards the inside cavity caused by the dissolution; 
corresponding results could be seen in Figure 6.6 (d,e). XRD characterization 
confirmed the regularization of patterns from ZIF-8-M-P to pure ZIF-8, as shown in 
Figure 6.6 (f). According these results, ZIF-8-M-P really acted as the precursors for 
the synthesis of ZIF-8 due to the dissolution and recrystallization process. The ZIF-8-
M-P would be exhausted while the newly formed ZIF-8 would nucleate outside the 
precursors; with the process continued, the ZIF-8 crystal growth or the crystal 
structures transition would occur from the edge of the precursors to the centre cavities 
caused by the dissolution of precursors. The influence of temperature during the 
solvothermal process was also examined, and with a higher temperature at 80 oC, the 
transition process can be completed within a shorter time (6 h), where the results 
could be confirmed both through TEM and XRD characterizations, as seen in Figure 
6.7 (a-c). Longer solvothermal treatment time would not affect the crystal structures 
for the obtained products, but more regulated crystal shapes could be achieved, 
shown by Figure 6.7 (d-i) and Figure 6.8, characterized by TEM, FESEM and XRD. 
The N2 adsorption-desorption properties for the products obtained after solvothermal 
treatment inside autoclaves are displayed in Figure 6.8, and the specific BET surface 
areas are1360 m2 g‒1 and 1450 m2 g‒1 respectively for the sample obtained at 60 oC 
for 40 h and 80 oC for 16 h, and the results correlated well with the theoretical values 
for pure ZIF-8. And the slightly decrease of the specific surface areas for the sample 
obtained at 60 oC compared to those collected at 80 oC can illustrate that better 
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treatment for 2h, there was no obvious morphology change for the ZIF-8-M-P, as 
shown in Figure 6.10 (a,b); and only small “shoulders” could be observed on the edge 
of the precursors, as highlighted by the arrows. XRD characterization didn’t shown 
obvious structural change neither, as shown by Figure 6.10 (c). Continuous heat 
treatment to 4 h would lead more morphology change, while the “shoulders” would 
grow larger and many crystal steps could be observed along the edge of precursor at 
the same time, as shown in Figure 6.10 (d,e) and highlighted by the arrows. The 
newly formed “shoulder” parts were determined to be the pure ZIF-8, as confirmed 
by XRD characterization in Figure 6.10 (f). It can be seen that the relative intensities 
of the characteristic peaks of pure ZIF-8 have significantly increased, while the 
original “noised” peaks decreased at the same time. Meanwhile, the contrast of the 
edge part for original ZIF-8-M-P in the TEM images became lighter compared with 
the center part, which can illustrate the dissolution or decomposition of the edge part 
during the structural transition process. Therefore, it can be proposed that the 
dissolved or decomposed parts can further re-nucleate around the precursors’ edge to 
form more stable ZIF-8 in methanol, the process of which can be attributed as 
recrystallization. Nevertheless, the recrystallization process was not limited around 
the edge part of precursors, but can also be observed on the surface around the central 
part of precursors, and the conclusion can be further confirmed by the surface 
structural characterization through FESEM, as shown in Figure 6.11 (a-d). It can be 
seen that many bright nanoparticles or nanorods structures adhered to the top (or 
bottom) surface of the 2-D precursor microplates, especially near the central part. 
These nanoparticles or nanorods exhibited the same contrast as the newly-formed 
ZIF-8 outside the precursor’s edge both in the TEM and FESEM images; and their 
regulated shapes of the newly formed nanoparticle or nanorods can further 
demonstrate that they should be assigned as the pure ZIF-8. The centripetal 
distribution of the newly formed ZIF-8 on the top or bottom surface of precursors can 
be attributed to the effect of Ostwald ripening, according to which the small crystals 
showing higher surface energy would dissolve and the decomposed part would 
deposit on the surface of larger crystals. In our system, for the newly formed ZIF-8 
nanoparticles or nanorods near the out corner or apex of precursors on the surface, 
they were more thermal-active than the pre-existing ZIF-8 around the edges of 
precursors, therefore they would decompose quite easily with continuous growth of 
the outer ZIF-8. Due to the 2-D confined distribution of the newly formed ZIF-8 
nanoparticles or nanorods on the surface precursors, those distributed near the apex 
should show the higher priority than these on the central part to decompose, because 
of the shorter diffusion distance to the outer ZIF-8. As a result, the centripetal 




distribution for the newly formed ZIF-8 on the surface could be observed, with the 
continuous growth of outer ZIF-8 at the same time. 
Further heat treatment would continue to promote the recrystallization process, and 
the newly-formed ZIF-8 would continue to grow by exhausting the present ZIF-8-M-
P. After heat treatment for 24 h, we can clearly see from Figure 6.10 (g,h) that the 
newly formed ZIF-8 has already shown the quite regular hexagonal shape around the 
precursors, with sharp edges and corners, compared with original rounded oval shape 
for the precursors; at the same time, the contrast different between the precursors and 
ZIF-8 was enhanced significantly, illustrating more consumption of precursors during 
the formation of ZIF-8. The crystallinity of obtained products became much better as 
pure ZIF-8, which can be confirmed through XRD patterns in Figure 6.10 (i). With 
even longer time, e.g. 36 h, the shape became more regulated and better crystallinity 
as ZIF-8 could be achieved, as shown in Figure 6.10 (j-l). In this case, the centripetal 
distribution became more obvious due to the further decomposition of precursors; 
while at the same time, the newly formed ZIF-8 both on the edges and on the surface 
grew larger, as also confirmed through FESEM images in Figure 6.11 (e-h). 
Compared with the solvothermal heat treatment inside autoclave shown in Figure 6.6, 
the ambient heat treatment at 60 oC performed more moderately during the 
recrystallization process, and the as-obtained products were named as ZIF-8-M-1, 
with regulated edge and rough surface; therefore the crystallinity for the products 
obtained in this case was not as good as that after the autoclave treatment, as reflected 
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the identical crystal facets from the surfactants-modulated approaches, because of the 
identical surface properties. However, in our method, we succeeded to obtain 2-D 
ZIF-8 microplates composed of same crystal facets. The assumption as the elongated 
rhombic dodecahedrons can be further confirmed through the XRD characterizations, 
which would be illustrated in the following part. 
6.3.4 Incorporation of Metal Nanoparticles and mSiO2 with ZIF-8 Microplates 
Similarly as the previous chapters, both the precursor ZIF-8-M-P and the as-obtained 
ZIF-8 microplates can be incorporated with ultra-fine metal nanoparticles on the 
exterior surfaces. The incorporation was achieved through the coordination 
interaction between the unsaturated Zn2+ ions on the crystal surface and surfactants 
around the metal nanoparticles. As shown in Figure 6.14, ultra-fine Au or Cu 
nanoparticles could be deposited onto the exterior surface of ZIF-8-M-P or ZIF-8-M. 
The size of the metal nanoparticles can be controlled below 3 nm, just as mentioned 
in Chapter 3. The extra-large exterior 2-D surface area provides the quite good 
platform for the ultra-fine catalytic metal nanoparticles, which might be used during 
many reactions, e.g. CO oxidation and CO2 reduction; and more catalytic 
examinations might be carried out in the future work.  
Besides the metal nanoparticles, mesoporous silica (mSiO2) can also be deposited 
around these two 2-D microstructures. Just as shown in Figure 6.15, during the 
coating of mSiO2 on the surface of ZIF-8-M-P, a gap could be observed, indicating 
the poor stability of ZIF-8-M-P; nevertheless, no cavities were generated for the ZIF-
8-M, demonstrating that ZIF-8-M can preserve well during the synthesis of mSiO2, 
and the same conclusion has also been obtained during the synthesis of ZIF-8 
NC@mSiO2 as mentioned in Chapter 4. The thickness of the obtained mSiO2 layer 
were around 30-40 nm and it can be controlled by varying the initial amount of 
microplates, as the same conclusion reported in the previous chapter. Similarly, the 
mechanical stabilities especially the hardness of the obtained hybrid structures should 
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with these for the pure ZIF-8-M-P, as shown in Figure 6.20 (a). As mentioned before, 
ZIF-8-M-P showed more structural complexity than the pure ZIF-8; nevertheless, 
they also showed all the characteristic peaks as the pure ZIF-8, with more “noised” 
peaks. Surprisingly, most of the peaks in the XRD patterns for the as obtained 
nacreous films made of ZIF-8-M-P belonged to the pure ZIF-8, including (011), 
(022), and (044) peaks, as shown in Figure 6.20 (a). And these peaks should 
correspond to the top (or bottom) surface of ZIF-8-M-P, according to the well-ordered 
arrangement in the FESEM images shown by Figure 6.19 (c-f), and the results can 
further help to illustrate the crystal structures for ZIF-8-M-P. Similarly, for the thin 
films made of ZIF-8-M@mSiO2, only (011), (022), and (044) peaks could be 
observed, as indicated by Figure 6.20 (c). Therefore, it can be well demonstrated that 
the top surface of ZIF-8-M belongs to the (110) facets and the hexagonal microplates 
are indeed the elongated rhombic dodecahedron along two dimensions. However, due 
to the poor uniformity, the XRD patterns for the film made of ZIF-8-M just showed 
the normal ZIF-8 patterns, as shown in Figure 6.20 (b), compared with the selective 
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In this chapter, we reported the unusual synthetic protocol for the ZIF-8 microplates 
through the precursor-transition pathway. 2-D microplates also composed of Zn2+ ions 
and 2-MeIM molecules can be used as the precursors to prepare ZIF-8 microplate 
frame-like structures, through the dissolution and recrystallization process. Following 
regrowth process can generate the flat 2-D ZIF-8 microplates, which showed the 
elongated rhombic dodecahedron morphology, composed of twelve (110) facets. The 
surfactant CTAB and the organic linker 2-MeIM can significantly affect the 
morphology and crystal structure during the synthesis of ZIF-8 precursor microplates. 
As far as we know, this is the first time to synthesize the large scale freestanding 2-D 
MOFs nano- or microcrystals, especially the crystals composed of the identical 
exterior crystal facets. The application of the obtained ZIF-8 microplates can be 
achieved through the incorporation of ultra-fine Au or Cu nanoparticles on the 
exterior surface, with large scale 2-dimensional distribution on the flat surface; 
meanwhile, mesoporous SiO2 can be deposited around the microplates, with the 
improved mechanical propertied according to the conclusion obtained in Chapter 4. 
Moreover, the as-obtained ZIF-8 microplates or the microplates surrounded by 
mesoporous SiO2 can also be used as the building blocks to synthesize the artificial 
nacreous films, with the well-ordered layer-by-layer organization in the whole or 
partial range. The obtained membrane might show some advantage application for the 
gas separation. Similarly, the metal nanoparticle incorporated ZIF-8 microplates 
should also be used as the building blocks for the nacreous films, and the application 
might be further extended for the catalysis, separation or adsorption. 
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CHAPTER 7  
CONCLUSIONS AND RECOMMENDATIONS  
FOR FUTURE WORK 
 
7.1 Overall Conclusions 
In this thesis, various general synthetic approaches have been developed in order to 
prepare the unique MOFs-based nano- or microstructures, with extended functionality 
and stability. Chemical bonding integration, surface deposition, interfacial synthesis 
and precursor-induced transition path way have been utilized to synthesize the desired 
architectures. Formation mechanism and related properties and applications have 
been investigated systematically. According to the results and findings of the 
previous chapters, several conclusions can be drawn, as listed below: 
(i) We have developed a general approach to integrate ultra-fine noble 
metals (i.e., Au and Ag at particle sizes of 2‒3 nm or 1‒2 nm, 
respectively) onto designated exterior and/or interior crystal planes of 
ZIF-8 nanocrystals through coordinative interaction between the capping 
surfactants of metal nanoparticles and unsaturated surface Zn2+ ions of 
ZIF-8. The incorporated metal nanoparticles are single-layered with a 
uniform distribution on the desired crystal planes of ZIF-8 (e.g., either 
the {110} or {100} facets). Such surface loaded metal nanoparticles can 
be actually transformed into a bulk phase when additional deposition of 
ZIF-8 is made. By sequentially alternating allocation of metal 
nanoparticles and epitaxial growth of ZIF-8 matrix, we have also 
prepared a series of ZIF-8@Au hybrid nanocomposites with more 
complex structural and compositional combinations. Furthermore, the 
ZIF-8-supported Au nanoparticles have shown excellent catalytic activity 
over the reduction of 4-nitrophenol. In principle, complex architectures 
of other metal‒MOFs nanocomposites can also be designed and 
fabricated in a similar way using this approach.    




(ii) For the first time, we have developed a general approach to prepare the 
‘armored MOFs’ core‒shell nanocomposites with controllable 
mesoporous silica (mSiO2) shells as an enforcing phase, which plays an 
important role in preserving the micro-porosity and other pristine 
physicochemical properties of MOF cores. The whole procedure includes 
the coating, calcination, and regrowth steps, while each step has been 
well explained. With the assistance of the mSiO2 shells, at the same time, 
the mechanical properties (the hardness and toughness) of the MOFs 
have been improved significantly. For the first time, we have measured 
the relative hardness of MOFs nanoparticles with the different 
nanostructures. The thickness of mSiO2 layer can be easily controlled by 
adjusting the initial amount of MOFs. The mSiO2 armored MOFs can be 
further functionalized with additional material phases, with the 
incorporation of ultra-fine metal nanoparticles on the surface of MOFs 
nanocrystals. Excellent accessibility of ionic or molecular species 
travelling into or out of the MOFs phase has been demonstrated with the 
reduction reaction of 4-nitrophenol by NaBH4 in solution. At the same 
time, the stability of the catalysts has also been examined to be improved 
a lot with the presence of mSiO2 shell, compared with bared 
MOFs@metal nanocomposites. We believe that our approach could open 
up a new research direction for making more practical multifunctional 
MOFs materials. To sum up, this new approach allowed us to 
successfully prepare the MOFs@mSiO2 or MOFs@metal@mSiO2 core‒
shell nanocomposites, with different porosity for the inner and exterior 
materials, respectively; meanwhile, the stability of MOFs or 
MOFs@metal nanocomposites have been significantly improved. We 
believe our approach could open up a new research direction for making 
more practical multifunctional MOFs materials.  
(iii) We have developed a method to localize the monolayer Au nanoparticles 
or 2-D Au nanowires film at the water/oil interface, followed by the 
synthesis of ZIF-8 thin film together with the Au monolayer film. 
Coordination interaction was built up between the Au nanostructures and 
the ZIF-8 thin film, through the surfactants of Au nanostructures and 
unsaturated Zn2+ ions on the ZIF-8 crystal surface. The whole reaction 
process started from the formation of monolayer Au thin film at the 
water/oil interface, through the self-assembly of pre-synthesized Au 
nanoparticles at the water/oil interface, followed by the oriented 




attachment among Au nanoparticles to form the 2-D Au nanowires at the 
interface. The pre-synthesized Au nanoparticles surrounded by DDT in 
the oil phase were firstly transferred to the water/oil interface, with the 
help of MUA molecules in the aqueous phase. The amount of MUA in 
the aqueous phase, the pH values, the reaction temperature, and the 
reaction time are quite essential in order to get the desired Au 
nanostructures (individual Au nanoparticles or 2-D Au nanowires) at the 
interface. The oriented attachment formation of Au nanowires is based on 
the effective collision among the Au nanoparticles at the interface, with 
the enough collision energy and the appropriate collision orientation. The 
energy barriers for the effective collision are determined by the binding 
energy between Au and the surfactants, together with the interaction 
forces between the surfactant molecules on the neighbouring Au 
nanoparticles. Au nanoparticles were fused together by removing the 
surfactants on specific crystal facets, during which the perfect attachment 
and the twined attachment could be both observed. After the synthesis of 
the Au nanowires on the interface, both the bottom aqueous phase and 
top oil phase should be replaced in order to prepare the ZIF-8 thin film at 
the interface together with the Au nanowires monolayer thin film. The 
anisotropic distribution of Au nanostructures on the top surface only of 
ZIF-8 might provide many interesting applications regarding the catalysis 
or separation. This approach might be extended to prepare other 
MOFs@Au hybrid thin films at the interface, through building the 
coordination interaction between the Au nanostructures and MOFs 
surface. 
(iv) We have reported the unusual synthetic protocol for the ZIF-8 
microplates through the precursor-transition pathway. 2-D microplates 
also composed of Zn2+ ions and 2-MeIM molecules can be used as the 
precursors to prepare ZIF-8 microplates frame-like structures, through 
the dissolution and recrystallization process. Following regrowth process 
can generate the flat 2-D ZIF-8 microplates, which showed the elongated 
rhombic dodecahedron morphology, composed of twelve (110) facets. 
The surfactant CTAB and the organic linker 2-MeIM can significantly 
affect the morphology and crystal structure during the synthesis of ZIF-8 
precursor microplates. As far as we know, this is the first time to 
synthesize the large scale freestanding 2-D MOF nano- or microcrystals, 
especially the crystals composed of the identical exterior crystal facets. 




The application of the obtained ZIF-8 microplates can be achieved 
through the incorporation of ultra-fine Au or Cu nanoparticles on the 
exterior surface, with large scale 2-dimensional distribution on the flat 
surface; meanwhile, mSiO2 can be deposited around the microplates, with 
the improved mechanical propertied according to the conclusion obtained 
in Chapter 4. Moreover, the as-obtained ZIF-8 microplates or the 
microplates surrounded by mSiO2 can also be used as the building blocks 
to synthesize the artificial nacreous films, with the well-ordered layer-by-
layer organization in the whole or partial range. The obtained membrane 
might show some advantage application for the gas separation.  
 
7.2 Recommendations for Future Work 
According to the results and findings mentioned in this thesis, we can see that MOFs 
show a quite wide flexibly and tunability in the nanoscale synthesis and integration, 
and many attractive properties could be obtained with extended applications. Based 
on our results towards the structural and properties varieties, future work is suggested 
in the following:  
(i) In this thesis, MOFs nanocrystals have been incorporated with ultra-fine 
metal nanoparticles with desired distribution, either on the exterior 
surface or inside the bulk of MOFs nanocrystals. Catalytic properties of 
the obtained hybrid nanocomposites have been examined on the 
reduction of 4-nitrophenol. Actually, more catalytic examinations can be 
further conducted, like the CO oxidation by the ultra-fine Au 
nanoparticles incorporated with MOFs,1,2 or the methanol production by 
the ultra-fine Cu nanoparticles incorporated MOFs.3 Due to the ultra-fine 
size for the supported metal nanoparticles, these hybrid catalysts might 
show quite good catalytic performance. At the same time, the 
performance of Cu nanoparticles might be affected a lot due to the quite 
easy oxidation; therefore, alloy Au/Cu nanoparticles might show better 
advantage during the catalytic reactions.4 Furthermore, the MOFs 
supports in our system can perform as the template to convert to the 
metal oxide or mesoporous carbon, therefore the converted hybrid 
catalysts with incorporated metal nanoparticles might show better 
performance during many chemical reactions.5 Meanwhile, the structure 
of the obtained converted catalysts might be controlled by the initial 
MOFs nanostructures, therefore many interesting structures and 




properties might be expected. 
(ii) In this thesis, it has been proved that the same MOFs can further over-
grow on the as-obtained MOFs@Au hybrid nanocomposites to form the 
multilayered nanostructures. Similarly, the conclusion might be extended 
to the hybrid MOFs systems, which consist of different kinds MOFs, 
which are linked together through the surface Au nanoparticles. The 
carboxyl groups on the surface of Au nanoparticles that are located on the 
surface of one kind MOFs nanocrystals might act as the nucleation site 
for the second kind of MOFs nanocrystals. Therefore the hybrid core-
shell MOFs structure might be obtained, through the bridging effect of 
the incorporated Au nanoparticles. As a result, the heterogeneous 
microporous system can be achieved, with the Au nanoparticles located 
at the interface of these two MOFs. Further extension of the approach 
might generate the multilayer sandwich like structures, with different 
MOFs on different layers bridged by the Au nanoparticles. The as-
obtained nanostructures might as efficient nanoreactors showing the both 
catalytic properties (due to the Au nanoparticles) and the selective 
adsorption and separation properties (due to different MOFs). 
(iii) As reported in Chapter 5, the hybrid ZIF-8@Au thin films can be 
synthesized at the water/oil interface with controlled Au nanostructures 
and thickness of the obtained ZIF-8 films. However, more work can be 
further carried out to investigate the influence of the surfactants of Au 
nanostructures on the crystal growth of ZIF-8, especially the crystal 
orientations. Furthermore, the approach can be extended to a wide range 
of MOFs thin films at the interface. Meanwhile, it is also expectable that 
the pre-synthesized MOFs nanoparticles dispersed in the aqueous phase 
can be further located at the water/oil interface through the coordination 
bonding with the pre-existing Au thin films at the interface; therefore 
MOFs nanostructures with anisotropic incorporation with Au 
nanoparticles might be achieved.  
(iv) In this thesis, we have succeeded to synthesize the 2-D microplates as 
precursors for the further synthesis of ZIF-8 microplates. However, we 
are still unclear about the detailed crystal structures of the precursors, and 
further characterization and simulations might be carried out to identify 
the structures. At the same time, we have investigated the influence of the 
amount of organic linkers during the synthesis of the precursors, but the 
crystals structures for the products obtained with less organic linkers are 




still not clear, which need more exploration for the better understanding. 
Furthermore, the interesting morphology varieties with the change on the 
amount of organic linkers can be further utilized as the precursors or 
templates to further prepare other nanoparticles, like ZnO or ZnS, with 
unique nanomorphology and potential attractive property.6 Meanwhile, 
the membrane preparation based on the ZIF-8 microplates might be 
optimized or modified with other commercial polymers, like 
polybenzimidazole (PBI) polymer, which a common polymer in 
membrane engineering.7 Therefore, the obtained membrane with well-
ordered layer-by-layer ZIF-8 microplates might show the performance 
during the gas separation. Moreover, the metal-nanoparticles 
incorporated ZIF-8 microplates can also be used as the building blocks 
for the membrane preparation, which might show more functionality 
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